리튬 이온 전지용 실리콘 혹은 주석계 리튬 합금 물질을 위한 나노 와이어 및 마이크로 패턴 기판을 이용한 구조 개선 by 김명호
 
 
저 시-비 리- 경 지 2.0 한민  
는 아래  조건  르는 경 에 한하여 게 
l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  
다 과 같  조건  라야 합니다: 
l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  
l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  
저 에 른  리는  내 에 하여 향  지 않습니다. 




저 시. 하는 원저 를 시하여야 합니다. 
비 리. 하는  저 물  리 목적  할 수 없습니다. 




Structural Refinement Using Nanowire and 
Micro-patterned Substrate for Si- or Sn-based 
Li-alloying Material in Li-ion Batteries 
 
 
리튬 이온 전지용 실리콘 혹은 주석계 리튬 합금 물질을 위한 









김 명 호 
Structural Refinement Using Nanowire and 
Micro-patterned Substrate for Si- or Sn-based 
Li-alloying Material in Li-ion Batteries 
 
리튬 이온 전지용 실리콘 혹은 주석계 리튬 합금 물질을 위한 
나노 와이어 및 마이크로 패턴 기판을 이용한 구조 개선 
 
지도교수 김 재 정 
 





김 명 호 
 
김명호의 공학박사 학위논문을 인준함 
2017년 6월 
 
위  원  장                  (인) 
부 위 원 장                  (인) 
위       원                  (인) 
위       원                  (인) 
위       원                  (인)
i 
ABSTRACT 
As demand for environmental-friendly energy and high energy density has 
increased, research on Li-ion batteries has been actively carried out. Graphite (372 
mAh/g), which is widely used, has a relatively low capacity as an anode, thus it is 
highly possible to increase the capacity of anode. For this purpose, studies on 
alloying materials with high capacity have been conducted, but the main issue was 
deterioration of the electrode due to the severe volume change. So, various attempts 
have been made to reduce this deterioration phenomenon by manufacturing nano-
sized particles, rods, tubes and relaxing the stress induced by volume change to 
create space between the active materials. However, these approach had also 
required the addition of large amounts of conducting agent and binder to maintain 
the contact between the active materials, thereby lowering the energy density. In 
addition, the self-aggregation occurred due to the high surface energy which leaded 
to increase the size of the particles and as the number of contacts between the active 
materials increased, the contact resistance became large, which was a disadvantage 
for conductivity. In this study, to overcome these problems, the electrode was 
fabricated using Si (4200 mAh/g) and Sn (994 mAh/g) which showed large capacity 
among alloying materials, and structural refinement was carried out to enhance the 
ii 
characteristics. 
Microelectromechanical system process, which is mainly used in semiconductor 
processing, was applied to make micro-sized sawtooth and pyramid-like patterns on 
the Si wafer substrate. The substrates with sawtooth and pyramid-like patterns 
showed the increased surface area by 10% and 40%, respectively. On the substrate, 
Si active material was deposited in the form of a film by physical vapor deposition 
method. Stress induced during cycling was relieved in the space of the pattern and 
the capacity retention increased by 500 mAh/g at 50th cycle. Furthermore, since the 
substrate shape was maintained during charging and discharging, the pattern effect 
could continuously alleviate the stress. Particularly, in the concave region of the 
pattern, the deterioration of active material was diminished, so that the coverage of 
the Si active material at 20th cycle reached 65% with the pyramid-patterned electrode 
and enhanced rate capability was obtained. 
In addition, the nano-scale refinement with nanowire structure was attempted to 
improve cycle performance. In the case of nano-structure, instead of Si, which is 
difficult to handle structurally, Sn alloying material was used. CuO nanowires were 
prepared by anodization of Cu and Sn/CuO nanowire structure was fabricated by 
electrodeposition. Not only Sn but also CuO which can be used as an active material 
iii 
in anode was also synthesized. CuO nanowires can increase the energy density of 
battery to eliminate conducting agent and binder. Moreover, one dimensional 
structure enhanced the electrical conductivity. Compared with Sn film electrodes, 
Sn/CuO nanowires electrode showed improved capacity retention, 89% up to 70th 
cycle. The rate capability of Sn/CuO nanowires electrode also showed about 56% at 
16 C- rate.  
However, deterioration of nanowire-structured electrode was observed in the long-
term cycle. Up to 200th cycle, the specific capacity was maintained about 68%, and 
in particular, abrupt capacity fading was observed at 100th cycle. In the electrode 
manufacturing process, the nanowires were squeezed and pressed during the pressing 
process, and the structure of the nanowires was broken down during cycling. In order 
to improve this problem, the nanowires were fabricated on the patterned substrate 
previously made. As a result, the capacity retention was maintained at 92% up to 
200th cycle and there was no rapid deterioration of the electrode. Through 
combination of micro-scale and nano-scale structure refinement for alloying material 




Keywords: Li-ion battery, anode, alloying material, silicon, tin, copper oxide, 
substrate structure, nanowire 
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CHAPTER I. Introduction 
1.1. Energy trend 
 
Since the fossil fuel used as primary energy sources from the industrial revolution 
is prospectively limited and global warming due to greenhouse gas emissions has 
intensified, a number of energy sources have been researched to store and utilize 
efficient and nature friendly energy. Several kinds of systems including fuel cell, 
solar cell, battery, etc. have been developed, and batteries are one of the most widely 
used today. As shown in Figure 1.1, the battery performance was continuously 
developed to meet demand increasing volumetric and gravimetric energy density. In 
Table 1.1, the various types of secondary batteries and their chemistries are shown. 
Among them, Li-ion battery is one of the most widely used batteries in the real life 
because it has a high energy density and easily reacts at room temperature. Over the 
past several decades, electrode materials and packing technologies have been studied 
extensively to improve the performance of Li-ion batteries and they have now been 
nearly optimized for packing. In addition, research on energy storage systems that 
store over-produced power in batteries has been active. Therefore, the necessity of 
the electrode material having a high capacity for the improvement of the capacity 
２ 




Figure 1.1. Comparison of various energy storage devices in terms of volumetric and 
gravimetric energy density [1]. 
  
４ 




1.2. History of battery 
 
The term ‘battery’ was first used by Benjamin Franklin (1706 ~ 1790) in 1749. At 
that time, the generic meaning of battery was “a group of two or more similar objects 
functioning together” in an artillery battery in military organizations. He used 
‘battery’ to express a set of linked capacitors. It came to be used for from the devices 
in which many electrochemical cells were connected together like Franklin’s 
capacitors and even a single electrochemical cell as well. After that, the first true 
battery, voltaic pile, was invented by Alessandro Volta (1745 ~1827) in 1800. The 
voltaic pile consisted of a stack of copper and zinc plates with brine-soaked paper 
between the plates. It was able to produce continuous electricity and stable current, 
but there was a limit to get enough value of voltage. Also, it was not fully understood 
that the voltage was generated by the chemical reaction.  
Since then, Daniell cell was invented by John Frederic Daniell (1790 ~ 1845) in 
1836, which consisted of copper pot filled with a copper sulfate and earthenware 
container filled with sulfuric acid and a zinc electrode. The earthenware container 
was immersed in the copper pot. The Daniell cell made great strides in battery 
development in the early days and was the first battery as a practical source of 
６ 
electricity. At anode and cathode, oxidation of zinc and reduction of copper occur 
per the following reactions: 
(Eq 1.1) 𝑍𝑛2+(𝑎𝑞) + 2𝑒− → 𝑍𝑛(𝑠)    𝐸0 = −0.76 𝑉 (𝑣𝑠. 𝑁𝐻𝐸) 
(Eq 1.2) 𝐶𝑢2+(𝑎𝑞) + 2𝑒− →  𝐶𝑢(𝑠)   𝐸0 = 0.34 𝑉 (𝑣𝑠. 𝑁𝐻𝐸) 
(Eq 1.3) 𝑍𝑛(𝑠) + 𝐶𝑢2+(𝑎𝑞) →  𝑍𝑛2+(𝑎𝑞) + 𝐶𝑢(𝑠) 𝐸𝑐𝑒𝑙𝑙
0 = 1.1 𝑉  
Since the electromotive force of the cell is 𝐸𝑐𝑒𝑙𝑙 = 𝐸𝑒𝑞
𝑐 − 𝐸𝑒𝑞
𝑎 , 𝐸𝑐𝑒𝑙𝑙
0 = 0.34 −
(−0.76) = 1.1 𝑉  is obtained in standard state from above equations. On this 
occasion, Gibbs’ free energy, Δ𝐺0 = −𝑛𝐹𝐸𝑐𝑒𝑙𝑙
0  becomes negative, so that 
spontaneous zinc oxidation and copper reduction can occur. The operating voltage 
of the Daniell cell was used as the industry standard at that time. 
As described above, a cell that generates electrical energy through an 
electrochemical reaction of compound only once is called a primary cell or primary 
battery. While a rechargeable battery which was also called by secondary battery or 
secondary cell can be charged and discharged many times. In 1859, the first 
rechargeable battery was invented by Gaston Planté (1834 ~ 1889) which was a lead-
acid battery. It consisted of a lead anode and a lead dioxide cathode immersed in 
sulfuric acid. 
(Eq 1.4) 𝑃𝑏𝑆𝑂4(𝑠) + 2𝑒
− + 𝐻+(𝑎𝑞) → 𝑃𝑏(𝑠) + 𝐻𝑆𝑂4
−(𝑎𝑞)  
７ 
𝐸0 = −0.32 𝑉 (𝑣𝑠. 𝑁𝐻𝐸) 
(Eq 1.5) 𝑃𝑏𝑂2(𝑠) + 3𝐻
+(𝑎𝑞) + 𝐻𝑆𝑂4
−(𝑎𝑞) + 2𝑒− → 𝑃𝑏𝑆𝑂4(𝑠) + 2𝐻2𝑂(𝑙) 
𝐸0 = 1.75 𝑉 (𝑣𝑠. 𝑁𝐻𝐸) 
(Eq 1.6) 𝑃𝑏(𝑠) + 𝑃𝑏𝑂2(𝑠) + 2𝐻2𝑆𝑂4(𝑙) → 2𝑃𝑏𝑆𝑂4(𝑠) + 2𝐻2𝑂(𝑙) 
𝐸𝑐𝑒𝑙𝑙
0 = 2.07 𝑉  
Despite of a low energy-to-weight ratio, high current can be obtained with large 
power-to-weight ratio. So, this cell was used in automobile starter motor requiring 
high current. In 1899, the nickel-cadmium (Ni-Cd) battery was invented by 
Waldemar Jungner (1869 ~ 1924). It was widely used because of its relatively long 
cycle life and high reliability. The half reactions at each electrode are shown as in 
the following: 
(Eq 1.7) 𝐶𝑑(𝑂𝐻)2(𝑠) + 2𝑒
− → 𝐶𝑑(𝑠) + 2𝑂𝐻−(𝑎𝑞) 𝐸0 = −0.81 𝑉 (𝑣𝑠. 𝑁𝐻𝐸) 
(Eq 1.8) 2𝑁𝑖𝑂𝑂𝐻(𝑠) + 2𝐻2𝑂(𝑙) + 2𝑒
− → 2𝑁𝑖(𝑂𝐻)2(𝑠) + 2𝑂𝐻
−(𝑎𝑞) 
𝐸0 = 0.47 𝑉 (𝑣𝑠. 𝑁𝐻𝐸) 
(Eq 1.9) 𝐶𝑑(𝑠) + 2𝑁𝑖𝑂𝑂𝐻(𝑠) + 2𝐻2𝑂(𝑙) → 2𝐶𝑑(𝑂𝐻)2(𝑠) + 2𝑁𝑖(𝑂𝐻)2(𝑠) 
𝐸𝑐𝑒𝑙𝑙
0 = 1.28 𝑉 
However, the memory effect of the battery was observed. The memory effect was 
phenomenon that when the battery was repeatedly charged while being partially 
８ 
discharged, the maximum capacity couldn’t be obtained and the capacity gradually 
decreased. The exact mechanism of memory effect was unknown, but it was 
presumably due to the crystal growth of Cd and the formation of Ni-Cd alloy formed 
on the negative electrode. This problem was solved by nickel-metal hydride (Ni-MH) 
battery in 1989. Ni-MH battery was analogous to Ni-Cd battery with the exception 
of using a hydrogen-absorbing alloy as a negative electrode. At negative electrode, 
the following half reaction occurred during discharge: 
(Eq 1.10) 𝑀(𝑠) + 𝐻2𝑂(𝑙) + 𝑒
− → 𝑀𝐻(𝑠) + 𝑂𝐻−(𝑎𝑞) 𝐸0 = −0.83 𝑉 (𝑣𝑠. 𝑁𝐻𝐸) 
where MH(s) is the metal alloy in which hydrogen is stored, and M(s) is the alloy in 
which hydrogen is desorbed. Although it showed the problem of an inadequate 
charging ability at high rate owing to adsorption of hydrogen at metal alloy, 
technological advances solved this problem. So, Ni-MH battery was used as a power 
source for portable electronic devices and hybrid electric vehicles. Nevertheless, the 
market share has gradually been decreased due to the emergence of Li-ion battery. 
Li is the lightest metal and has the lowest standard reduction potential. So it is 
very attractive material in terms of energy. In 1912, Gilbert Newton Lewis (1875 ~ 
1946) conducted the first Li battery-related experiments and Li metal battery was 
first commercialized in the 1970s. Thereafter, attempts have been made for 
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secondary batteries using Li metal, but there was a problem that Li-ions were 
reduced with dendrite shape on the surface of the Li anode during charge and 
discharge cycle leading to the electrical short. So, various materials were studied as 
electrode materials. In 1980, as LiCoO2 was invented by John Bannister 
Goodenough (1922 ~) and graphite for secondary battery was discovered by Rachild 
Yazami (1953 ~), Li-ion battery was commercialized by Sony in 1991. In the Li-ion 
battery, Li-ion was not reduced to Li metal, but charging and discharging proceeded 
through the reaction between the positive and negative electrode materials, thereby 
solving the short problem. Commercial Li-ion battery consisting of LiCoO2 cathode 
and graphite anode follows below reaction at each electrode. 
(Eq 1.11) 𝐶𝑜𝑂2(𝑠) + 𝐿𝑖
+ + 𝑒− → 𝐿𝑖𝐶𝑜𝑂2(𝑠)   𝐸 ≈ 4.2 𝑉 (𝑣𝑠. 𝐿𝑖/𝐿𝑖
+) 
(Eq 1.12) 𝐶6(𝑠) + 𝐿𝑖
+ + 𝑒− → 𝐿𝑖𝐶6(𝑠)    𝐸 ≈ 0.05 𝑉 (𝑣𝑠. 𝐿𝑖/𝐿𝑖
+) 
The standard reduction potential is generally shown based on the NHE, but in the Li-
ion battery, the reaction potential is compared with the standard reduction potential 
of Li. So, the lithiation potential of CoO2 can be expressed as ~1.16 V (vs. NHE) as 
well as ~4.2 V (vs. Li/Li+). LiCoO2 reversibly reacts with Li to LixCoO2 (0.5 ≤ x ≤ 
1) and the theoretical capacity is ~140 mAh/g. Graphite forms LiC6 and has a 
capacity of 372 mAh/g. Recently, various types of batteries such as a solar cell, a 
１０ 




1.3. Li-ion battery 
 
Li-ion batteries are one of the most widely used these days and intensively 
investigated to extend range of application. Such Li-ion battery is mainly composed 
of cathode, anode, electrolyte, and separator. Figure 1.2 shows the schematic of Li-
ion battery system. At discharging, the Li-ions are extracted from positive electrode 
and inserted to the negative electrode through the electrolyte and separator. When 
charging, the Li-ions move in reverse. Before describing each component, it is 
necessary to sort out some terms. In secondary battery, the terms of cathode and 
anode can be confused because they are switched during charging and discharging. 
So, from now on, the terms of cathode and anode will be used based on discharge 




Cathode is an electrode having a higher reaction potential with Li-ion among the 
two electrodes. The cathode is mainly composed of transition metal oxide and there 
are layer, spinel, and olivine according to the structure, as shown in Figure 1.3. 
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LiCoO2 and LiNiO2 are typical layered metal oxide. In the layered structure, the Li-
ions are positioned between the layered metal oxides and had 2-D diffusion pathway. 
Depending on the transition metal in the Li metal oxide, electrode has various 
characteristics. LiNiO2 has the theoretical specific capacity about 20% larger than 
that of LiCoO2. However, there is a problem that Ni-ion moves to the Li position due 
to similar ion size and blocks the Li-ion path way [5]. So, LiCoO2 having good cycle 
performance is widely used although Co is expensive and toxic [6].  
LiMn2O4 has spinel structure which gives Li-ion to 3-D space, so it shows high 
electrical conductivity. However, dissolution of Mn-ion to electrolyte was observed 
during cycling resulting in decrement of capacity. To solve this dissolution problem, 
studies have been carried out to replace some Mn with Ni, Co, and Al. Among them, 
LiNi0.5Mn1.5O4 shows high potential of Li reaction [7,8]. LiMePO4 (Me = Fe, Mn, 
Co, Ni) have the olivine structure. It has 1-D Li-ion pathway, so it shows low 
electrical conductivity. In order to improve the performance, carbon coating or metal 





Li metal was used as an anode for the first time in Li primary battery. Li is an 
alkaline metal that has the lowest atomic number in periodic table and theoretically 
has a high energy density of 3830 mAh/g due to the reaction potential matched with 
Li-ion itself. However, during charging and discharging, Li-ions have been found to 
grow in the form of dendrite on the Li metal, causing electrical short passing through 
the separator. The safety of Li metal batteries has been developed, and eventually Li-
ion batteries came into the world. Unlike a Li metal battery, a Li-ion is not reduced 
during charging and discharging, just passing between a cathode and an anode in the 
form of Li-ion. This is called rocking chair mechanism as shown in Figure 1.2. The 
first commercialized anode in Li-ion battery was a graphite. The graphite electrode 
had a small volume change about 10% during cycling and the capacity retention was 
also excellent, so it was successfully commercialized. The theoretical specific 
capacity of graphite is 372 mAh/g which is low compared with other anode materials. 
In its early years, Li-ion batteries were applied to portable devices and small-sized 
devices. However, it was required increasingly higher energy to apply to electric 
vehicles and energy storage systems. Therefore, anode materials with high capacity 
are actively investigated. Representatively, there are three reactions with Li-ion 
which are insertion, conversion, and alloying reaction. The three reactions can be 
１４ 
expressed as following equations. 
(Eq 1.13) Insertion reaction: 𝐿𝑖 + 𝑀𝑋2 → 𝐿𝑖𝑀𝑋2  
(Eq 1.14) Conversion reaction: 2𝐿𝑖 + 𝑀𝑋 → 𝐿𝑖2𝑋 + 𝑀 
(Eq 1.15) Alloying reaction: 𝑥𝐿𝑖 + 𝑀 → 𝐿𝑖𝑥𝑀 
Figure 1.4 exhibits the schematics of the three reactions. The alloying materials 
include Si (4200 mAh/g for Li4.4Si) [11-16], Sn (994 mAh/g for Li4.4Sn) [17-20], Ge 
(1600 mAh/g for Li4.4Ge) [21], Sb (660 mAh/g for Li3Sb) [22], and Bi (386 mAh/g 
for Li3Bi) [23]. Among them, Si has the largest specific capacity for alloying 
materials with up to 4.4 Li-ions and the theoretical specific capacity is about 4200 
mAh/g. Si reacts with Li-ion to form several phases with Li12Si7, Li14Si6, Li13Si4, 
Li15Si4, Li22Si5 at high temperature, whereas it is hard to make Li22Si5 phase in room 
temperature, so the reaction takes place up to Li15Si4 in practice (theoretical capacity: 
3580 mAh/g) [24]. However, as the capacity is large, the volume change is also 
serious due to the alloy reaction with Li-ion, and the volume is expanded up to 300% 
at fully lithiated state [25]. The stress formed by the volume change needs to be 
relaxed because it leads to the degradation of the electrode, and a lot of research has 
been carried out. Generally, if the surface area is wide, the amount of active material 
to be loaded per area decreases, so that the absolute volume change can be reduced. 
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Based on this, there are many studies on the formation of nano-structures such as 
nanoparticle [26], nanowire [27-29], 3-D hollow structure [30], and porous structure 
[31,32], etc. Sn has been also actively studied due to its high theoretical capacity. Sn 
also reacts with Li-ion to form various phases with Li2Sn5, Li7Sn3, Li5Sn2, Li13Sn5, 
Li7Sn2, Li22Sn5 [33]. Compared with Si, Sn has a good electrical conductivity and 




A separator is a membrane located between positive and negative electrodes 
preventing contact (short circuit) of active materials of each electrode and allows the 
transport of ionic charge carriers. It has microporous structure and the ion moves 
through the pore space. The separator must have various properties in the battery, 
which are chemical stability, mechanical property, thinness, current shutdown 
capability, and electrolyte holding capacity. Representatively, polyethylene 
microporous membranes are widely used as separator. Following equation shows the 
resistance that affects battery performance. 
(Eq 1.16) 𝑅𝑡𝑜𝑡𝑎𝑙 = 𝑅𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 + 𝑅𝑠𝑒𝑝𝑎𝑟𝑎𝑡𝑜𝑟 + 𝑅𝑐𝑖𝑟𝑐𝑢𝑖𝑡   
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Among them, Rseparator is the most dominant. So, in terms of resistance and energy 
density, the thickness of the separator is preferably small. However, it should have 
adequate thickness for safety and generally has a thickness of 15 ~ 30 μm. The 
multilayer membrane of polyethylene-polypropylene is widely used because 




Electrolyte acts as a channel for Li-ions between the positive and negative 
electrodes of the cell and forms a close loop with the external circuit. The electrolyte 
has to be ionically conductive and electronically insulating. Also, in order to lower 
the overpotential, η, that occurs during charging and discharging, it is better to use 
electrolyte with high ionic conductivity and dielectric constant. Furthermore, it must 
be electrochemically stable at the anode and cathode of the cell. The stability of the 
electrolyte is called an electrochemical stability window, which indicates that the 
electrolyte has a stable electrochemical potential range. In addition, it is required to 
meet wettability to polyolefin separator, low toxicity and low cost. The electrolyte 
consists of solvent and salt. Currently, the carbonate-based solvents are generally 
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used. However, it is impossible for a single solvent to meet high dielectric constant 
and low viscosity. So, the mixture of a cyclic carbonate (ethylene carbonate (EC) 
and propylene carbonate (PC)) possessing high dielectric constant with linear 
carbonate (dimethyl carbonate (DMC), ethylmethyl carbonate (EMC), and diethyl 
carbonate (DEC)) having low viscosity are used. The Li salt should dissolve well in 
the non-aqueous solvent. The fluorinated inorganic anions are preferred due to their 
high solubility, dissociation characteristics and passivation ability to positive 
electrode surface. The most widely used material among the Li slats is LiPF6. 
However, fluorinated inorganic anion based Li salts are moisture sensitive and more 
reactive at high temperature. So, in the laboratory, an Ar-atmosphere glove box is 
used to prevent contact with oxygen and moisture in the air during cell preparation.  
In general, the decomposition of the electrolyte can not be avoided because the 
operating potential range of the anode and cathode of the cell is not included in the 
electrochemical stability window described above. In the case of anode, the graphite 
undergoes the reaction around 0.15 V (vs. Li/Li+) and out of the stable potential range 
of carbonate, so that the electrolyte is decomposed on the surface of the anode. Figure 
1.5 shows various anode and cathode materials used in Li-ion batteries. The 
horizontal dot lines around 1 V and 4 ~ 5 V indicate electrochemical window 
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boundaries of standard electrolyte solutions. The lines also mean energy levels of 
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular 
orbital (LUMO). The decompositions of electrolytes mostly occur during the first 
several cycles of a cell and the decomposed compounds form passivating layer 
between the electrode and the electrolyte. This layer was first called solid electrolyte 
interphase (SEI) by Peled [35] and it has been found to have a significant effect on 
the cell performance. Various additives are added to form a high-quality SEI, and 
these additives were decomposed in a higher potential range than the electrolyte 










Figure 1.3. Crystal structures of layered LiCoO2 (2-D), spinel LiMn2O4 (3-D), and 









Figure 1.5. Various anode and cathode materials according to the theoretical specific 
capacity and potential range reacting with Li-ions [34]. 
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1.4. Microelectromechanical systems process 
 
In order to alleviate the rapid degradation of the alloy material for anode described 
before, the micro-scale structure modification of anode was conducted by 
microelectromechanical systems (MEMS). MEMS is micrometer- or millimeter-
scale fabrication techniques based on semiconductor process technology. In this 
study, these semiconductor processes to obtain patterned substrate and Si negative 
electrode were used. There are three steps of procedures which are deposition, 
patterning, and etching. 
Deposition process is for obtaining the thin film. There are two main types of 
deposition which are chemical vapor deposition (CVD) and physical vapor 
deposition (PVD). CVD utilizes one or more volatile precursors reacting on the 
substrate surface. It shows low substrate damage, mass production, low cost, and 
proper step coverage. However, the harmful gases were used. By comparison, PVD 
is a vacuum deposition methods in which the materials go from a condensed phase 
to a vapor phase and then back to a thin film phase. The common PVD methods are 
sputtering and evaporation. In this research, the sputtering having the advantage of 
forming high quality film was focused. There are mainly two methods in sputtering, 
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radio frequency (RF) sputtering and direct current (DC) sputtering. RF sputtering 
can use non-conductor target as well as conductors. Though DC sputtering restricted 
to apply only conducting materials, it is very simple and easy to use. So, conductive 
targets with DC sputtering was used. The principle of sputtering is that the target 
metal is deposited by forming plasma in the vacuum chamber with Ar. Figure 1.6 
shows the schematic diagram of DC sputtering equipment used in this study. The 
system consists of pump, power supply, gun, target, substrate, gas system. Pump 
adjusts the degree of vacuum in the chamber to create an environment for obtaining 
plasma, and the power supply generates power to the cathode. Gun is the part where 
water flows for the cooling of the target and connecting area between power supply 
and target. Target is the materials to deposit on the substrate. Using the magnetron, 
the yield of the DC sputtering can be improved by focusing the plasma. 
Patterning is a method of forming a photoresist pattern on a Si wafer, mainly using 
a photolithography process. Photolithography literally means making a shape like a 
photograph. By creating a pattern of exposed or unexposed portions of the light, 
pattern shape formed on the Si substrate. The procedures can be simplified as follows. 
First, the substrate is cleaned to remove organic substances or impurities on the 
surface. Then, a hexamethyldisilazane (HMDS) material is entirely coated on the 
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surface using a spin coater to improve adhesion between the substrate and photoresist. 
Then, photoresist is uniformly coated by spin coater with appropriate spin rate and 
loading amount according to the characteristics of photoresist. After photoresist 
coating, soft baking procedure is conducted to drive off excess photoresist solvent. 
After soft baking, the photoresist is exposed to UV light. Because the light pass 
through the photo mask, specific pattern area can be exposed. There are two types of 
photoresist, positive and negative. Positive photoresist becomes soluble in the 
developer after exposure to UV light. The photo-generated acid by UV light 
incapacitates photoresist component to be soluble in alkali developer. On the 
contrary, negative photoresist becomes insoluble in the developer after exposure to 
UV light. Negative photoresist makes crosslinking chain by UV light to create an 
insoluble structure. After developing using the suitable photoresist, the exposed 
substrate of Si oxide can be etched with etchant, so that desired pattern can be 
obtained. Finally, all remaining photoresist is removed by PR stripping and the 
substrate which was etched only at the desired region can be obtained. 
Up to this point, Si oxide layer where pattern is engraved is blocking the surface 
of the Si substrate. To form final pattern shape on Si substrate, Si etching step is 
needed. There are two type of Si etching including dry etching and wet etching. The 
２６ 
dry etching uses plasma to anisotropically etch the substrate. In wet etching, liquid 
phase etchants are used immersing the wafer in the bath until the desired time. 
Generally, the etching conditions are generalized according to the kind of the 
substrate, the desired etching shape and size. In the case of Si oxide, etching is 
performed using a diluted hydrofluoric acid (HF) or buffered oxide etch (BOE) 
solution. Si is etched using nitric acid (HNO3) + HF or potassium hydroxide (KOH). 
Selectivity and isotropy can be important parameters in etching, so it is needed to 















1.5. Electrochemical process 
 
Not only micro-scale modification with MEMS process but also nano-scale 
modification with nanowires structure was carried out using electrochemical process. 
Electrochemical methods refer to an oxidation or reduction reaction involving 
electrons. It has advantages of relatively simple control the reduction and oxidation 
reaction by potential or current. To form the nanowires structure of Sn material, Cu 
anodization and Sn electrodeposition were used. These two methods were controlled 
electrochemically by applied current. 
Anodization of Cu in basic condition generated Cu(OH)2 nanowires. Depending 
on the experimental conditions which are temperature, pH, electrolyte, potential, the 
various shapes of Cu(OH)2, CuO, or Cu could be formed [37-52].Cu ions dissolved 
by oxidation current react with OH ions in the solution to form Cu(OH)2. The 
Cu(OH)2 converted to CuO with heat treatment by dehydration reaction. 
Similar to Si, Sn is also one of the high-capacity alloying anode materials and 
environment-friendly, low-cost, and easy to handle. As mentioned earlier, however, 
pure Sn electrode expands nearly up to 300% during the insertion of Li-ion and it 
attributes to the pulverization and exfoliation of Sn. Ultimately the cell with Sn 
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electrode is likely to fade. 
Sn is easily dissolved in the ionic state and reduced at room temperature to 
facilitate electrodeposition unlike Si, which requires high temperature (generally 
above 800°C). Sn could be electrodeposited evenly on the surface exposed to the 
solution. In addition, the morphology can be controlled by adjusting the current or 
voltage. Therefore, several studies have been conducted more flexibly than those 
using Si. Many approaches have been made to overcome the fading problems with 
Sn, including a nano-scale modification; nanoparticles [53-59], nanowires [60-66], 
composite [67-75], and nanoporous structure [76]. Based on these methods, in order 
to reduce the pulverization caused by volume change as mentioned above, a new 
type of Sn-based anode material having a heterogeneous nano-structure is proposed 
in this study; CuO nanowires decorated with Sn (Sn/CuO NWs). CuO has attracted 
much attention as anode material, owing to its moderate theoretical capacity (675 
mAh/g), non-toxicity, and low price [77-84]. Unlike Sn or Sn oxide, the reaction of 
Li-ion with CuO is governed by a conversion mechanism, and thus it is relatively 
free of expansion. In addition, the efficient charge transfer is expected, due to 
intrinsic advantage of 1-D nano-material providing a direct electronic pathway 
connected to the current collector. Furthermore, the heterogeneous nano-structure 
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can manifest an additive- and binder-free electrode, leading to the high ratio of active 
material and enhancement of energy density. At last, the structure contributes to 
reduce the electrical resistance, due to formation of Cu nodes between CuO NWs 
with Sn. This can be accomplished because CuO at the marginal area of the nanowire 
is simultaneously reduced during Sn deposition. For above reason, CuO NWs as a 
structure framework as well as active material for Li-ion batteries was used. To be 
summarized, an effective fabrication of CuO NWs can lead to higher capacity and 
higher rate capability as an electrode for Sn, by reducing the over-potential and 




1.6. Purpose of this study 
 
In this study, micro-scale and nano-scale refinement of substrate were introduced 
with microelectromechanical systems process and electrochemical methods. The 
improved cycle performance of alloying materials as anode was expected by forming 
nanowires structure on a patterned substrate. Sn/CuO NWs were fabricated by 
anodization on patterned substrate prepared by microelectromechanical systems 
process. The patterned substrate gave increased surface area and created a space 
which could alleviate the stress induced by volume change of active material during 
cycling. The nanowires structure synthesized by electrochemical methods had 
features the large surface area, the low electrical conductivity, and the high energy 
density by not using conductive agent and binder, so that good capacity retention and 
stable long-term cycling was expected.  
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CHAPTER II. Experimental 
2.1. Preparation for Si patterned electrode 
 
2.1.1. Preparation of patterned substrate 
 
Double side polished p-type (110)- and (100)-oriented Si wafers were used. A Si 
oxide layer with 500 nm thickness was grown on surface of wafers by wet oxidation. 
The wafer was treated with sulfuric acid peroxide mixture (SPM; H2SO4 : H2O2 = 4 : 
1 vol%) for 10 min at 120°C to eliminate the organic substances on the surface. Then, 
HMDS and positive photoresist (AZ 1512, AZ Electronic Materials) were coated 
onto the wafer in sequence by spin coating. After soft baking was conducted on hot 
plate for 30 s at 95°C, the wafer was exposed to UV light (365 nm, i-line) using 
aligner (MA-6 II, Karl-suss) for 15 s. Photo mask for sawtooth- and pyramidal-shape 
patterns was used for this process to transfer the pattern onto the wafer. To remove 
the exposed region of photoresist, the wafer was developed in the solution (AZ 300 
MIF : D.I. water = 6 : 1 vol%) for 90 s and transferred to the hotplate and heated for 
additional 60 s at 95°C to enhance the rigidity of photoresist and adhesion with 
substrate. The patterns were formed using wet etching process. First, the exposed Si 
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oxide layer was etched with a buffered etch solution (BOE; NH4F : HF = 7 : 1 vol%) 
for 15 min. The residual photoresist on the wafer was removed by cleaning with 
SPM solution for 10 min at 120°C. Second, Si was etched with 30 wt% KOH solution 
for 50 min at 80°C. Prior to this, the native Si oxide layer was instantly etched by 1 
vol% HF solution for 60 s. Finally, the residual oxide on the Si wafer was eliminated 
by dipping itself in BOE solution for 15 min. The schematic diagram of MEMS 
process is summarized in Figure 2.1. 
 
2.1.2. Preparation of Si electrode 
 
For using the patterned substrate as an electrode, it was cut into 1 × 1 cm2 with a 
dicing saw (DAD3350, Disco). Current collector and active material were prepared 
by PVD. The patterned Si substrate was loaded in DC sputter chamber. The chamber 
was vacuumed below 1.0 × 10−5 torr. Before sputtering, each target was pre-sputtered 
for 2 min to remove oxides and other impurities presenting on the target surface. The 
sputtering was conducted in order of TaN/Ta/TaN, Cu, and Si on the substrate. TaN 
and Ta layers were sputtered alternatively at 500 V and 4 A in Ar : N2 = 4 : 1 and Ar 
atmosphere with 50 standard cubic centimeter per minute (sccm), so that 
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TaN/Ta/TaN layer as Cu diffusion barriers were deposited on both side of patterned 
Si substrate. After that, Cu layer as a current collector was deposited on both side of 
TaN/Ta/TaN layer deposited patterned Si substrate at 500 V and 4 A in Ar atmosphere. 
Finally, Si layer as an active material was deposited on patterned surface at 600 V 
and 2.5 A in Ar atmosphere. Figure 2.2 shows the schematic diagram of whole 
process for patterned electrode preparation. To remove the residual water, the 
electrodes were dried at 120°C for 12 h in vacuum oven before put into the glove 
box.  
2032-type coin-cells with the plain (non-patterned), sawtooth, and pyramidal-
shape electrode were assembled in an Ar-filled glove box, as shown in Figure 2.3. 
The different pattern sizes of sawtooth- (width of 85 and 170 μm) and pyramidal-
shape electrode (width of 50 and 100 μm) were prepared. The deposited amounts of 
the Si on the electrodes were 0.15 mg/cm2 in all the electrodes. Li metal foil (Cyprus) 
and polypropylene–polyethylene–polypropylene (PP–PE–PP, Celgard) were used as 
the counter electrode, and separator, respectively. The electrolytes used in this study 
consisted of 1.3 M of LiPF6 in ethylene carbonate (EC) : diethyl carbonate (DEC) at 
a volume ratio of 3 : 7. 
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2.1.3. Electrochemical measurement and characterization 
 
The electrochemical performance of the cell was measured using a cycler 
(Wonatech, WBCS-3000) at room temperature after 24 h of rest. The cycling 
behavior of Li/Si half-cell was performed at 0.1 C-rate for the formation step, 
followed by 0.5 C-rate for cycle step, where a 1 C-rate corresponds to the current 
density for an 1 hr fully charge or discharge. The boundaries of cut-off voltage during 
the cycle step was 0.08 and 1.4 V (vs. Li/Li+), respectively. For analyzing the 
electrodes, the cells were disassembled in an Ar-filled glove box to block the contact 
with oxygen and water. The electrodes were rinsed with dimethyl carbonate (DMC) 
to remove the residual electrolyte and the salts on the surface. Field emission 
scanning electron microscope (FE-SEM, JEOL, JSM-6701F) was used to observe 
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2.2. Synthesis of Sn/CuO nanowires electrode on Cu foil 
 
2.2.1. Preparation of Sn/CuO nanowires electrode 
 
Table 2.1 shows the abbreviations of terms appearing in this section for 
convenience. To form a 1-D NW structure, Cu foil (thickness = 10 μm) was anodized 
with three steps of galvanostatic methods in basic condition. 2 M of NaOH (Daejung, 
98%) was dissolved in D.I. water and maintained at 5°C with stirring and N2 gas 
purging for 1 hr. The three steps were applied with 5 mA/cm2 for 10 s, -5 mA/cm2 
for 20 s, and 5 mA/cm2 for 300 s, sequentially. After the three steps of galvanostatic 
methods, the f_Cu(OH)2 NWs were electrode obtained. Pt mesh and Ag/AgCl (KCl 
sat.) were used as a counter electrode and reference electrode, respectively, as shown 
in Figure 2.4. The f_Cu(OH)2 NWs electrode was rinsed with D.I. water for 15 s and 
blown with N2 gas to remove the residual water. After heat treatment with 250°C for 
1 hr in Ar atmosphere, the f_Cu(OH)2 NWs was converted to f_CuO NWs with 
dehydration. Sn was electrodeposited on f_CuO NWs electrode with -10 mA/cm2 for 
50 s in the solution of 0.07 M of Sn2P2O7 (Sigma Aldrich, 98%) and 0.36 M of 
K4P2O7 (Sigma Aldrich, 97%) in D.I. water. After the Sn electrodeposition, 
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f_Sn/CuO NWs electrode was rinsed with D.I. water for 15 s and blown with N2 gas. 
A f_Sn film electrode was also prepared. Cu foil was pretreated with 0.5 M of H2SO4 
(Daejung, 95%) for 1 min to eliminate the native oxide layer and rinsed with D.I. 
water. With the solution of 0.07 M of Sn2P2O7 and 0.36 M of K4P2O7, Sn was 
electrodeposited on Cu foil with -10 mA/cm2 for 50 s. The electrodes were cut in the 
diameter of 11 mm and dried at 120°C for 12 h under vacuum before put into glove 
box to remove residual water. 
 
2.2.2. Characterization and electrochemical measurement 
 
The prepared samples were characterized by X-ray diffraction (XRD, Bruker D8-
Advance, Cu Ka, λ = 0.15406 nm) with a step rate of 2θ = 5 degrees/min. Field 
emission scanning electron microscope (FE-SEM, JEOL, JSM-6701F) at 10 kV 
accelerating voltage and energy-dispersive X-ray spectra (EDS, Oxford instruments 
analytical, INCA Energy) were employed to observe the surface morphology and 
composition of the electrode. For high magnitude image and lattice structure, 
transmission electronic microscopy (TEM, JEOL, JEM-ARM200F) at 200 kV 
accelerating voltage was conducted. The cross-sectional images were observed by 
４１ 
using an Ar-ion beam polisher (JSM-09010) with constant power of 0.5 W under 
vacuum condition below 2.0 × 10−6 torr. X-ray photoelectron spectroscopy (XPS, 
Thermo, Sigma probe) was carried out with Al Ka (1486.6 eV) anode operating at 
constant power of 100 W to assess the surface composition and chemical state. The 
amount of Sn and CuO were measured by inductively coupled plasma atomic 
emission spectroscopy (ICP-AES) using 1 vol% of HNO3 for CuO dissolution and 2 
vol% of aqua regia (HNO3 : HCl = 3: 1 vol%) for Sn dissolution. 
The 2032-type coin-cell was assembled in Ar-atmosphere glove box. Li metal foil 
(Cyprus) as a counter electrode and polypropylene-polyethylene-polypropylene (PP-
PE-PP, Celgard) of multilayer separator were used. A mixture of 1.3 M of LiPF6 in 
ethylene carbonate (EC) and diethyl carbonate (DEC) at a ratio of 3:7 vol% was used 
as the electrolyte solution. The electrochemical behavior of the cell was monitored 
using a cycler (Wonatech, WBCS-3000) at 25°C after impregnation of electrolyte 
for 24 hr. The cycling of the cell was performed at 0.1 C-rate for the formation cycle, 
followed by 1 C-rate cycling. The regions of cut-off voltages during cycling were 
between 0.01 and 3.0 V (vs. Li/Li+). The cyclic voltammetry (CV) were carried out 
at a scan rate of 0.1 mV/s between 0.01 and 3.0 V (vs. Li/Li+). Electrochemical 
impedance spectra (EIS, Princeton Applied Research, Parstat 2273) were measured 
４２ 
in the frequency range from 0.01 Hz to 100 kHz with an AC voltage amplitude of 5 
mV. The rate capability test was also conducted from 0.1 C to 16 C-rate for 5 cycles 
at each rate condition. After electrochemical observation, the cells were dismantled 
in an Ar-filled glove box to prevent the reaction with oxygen and water in 
atmosphere. The electrodes were rinsed with dimethyl carbonate (DMC) to remove 
the residual electrolyte and salts on the electrode surface. 
  
４３ 
Table 2.1. The Abbreviations of Nanowire, Sn Film on Cu Foil, Cu(OH)2 Nanowires 






f_Sn film Sn film on Cu foil
f_Cu(OH)2 NWs Cu(OH)2 nanowires on Cu foil
f_CuO NWs CuO nanowires on Cu foil
f_Sn/CuO NWs Sn-deposited CuO nanowires on Cu foil
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Figure 2.4. Schematic diagram of the three-electrode system for electrochemical 










2.3. Synthesis of Sn/CuO nanowires on pyramid-patterned 
substrate 
 
2.3.1. Preparation of pyramid-patterned substrate 
 
Table 2.2 also shows the abbreviations of terms appearing in this section for 
convenience. The overall procedure of experimental condition were similar with the 
method for preparing Si patterned electrode and f_Sn/CuO NWs electrode. The 
different point is combining the two method, which means Sn/CuO NWs were 
synthesized on the pyramid-patterned substrate covered by Cu layer. For the 
patterned substrate with pyramid shape, the double side polished p-type (100)-
oriented Si wafer was prepared. Si oxide layer with 500 nm thickness was also grown 
on the surface by wet oxidation. After SPM for 10 min at 120°C, HMDS and AZ 
1512 photoresist were coated sequentially on the wafer. After soft baking for 30 s at 
95°C, the wafer was exposed to UV light with pyramid-pattern mask. Then the wafer 
was developed in the developer for 90 s and soft baking for 60 s at 95°C was 
conducted. Si oxide etching and photoresist removal were carried out with BOE and 
SPM. After native Si oxide etching with 1 vol% HF, Si was etched with 30 wt% 
４６ 
KOH solution for 50 min at 80°C, so that the pyramid-pattern was formed. Finally, 
the residual Si oxide was eliminated by BOE for 15 min. For using the patterned 
substrate as an electrode, it was cut into 1 × 1 cm2 with a dicing saw (DAD3350, 
Disco). Current collector was prepared by PVD. The patterned Si substrate was 
loaded in DC sputter chamber. The chamber was vacuumed below 1.0 × 10−5 torr. 
Before sputtering, each target was pre-sputtered for 2 min to remove oxides and other 
impurities presenting on the target surface. The sputtering was conducted in order of 
TaN/Ta/TaN, Cu on the substrate. TaN and Ta layers were sputtered alternatively at 
500 V and 4 A in Ar : N2 = 4 : 1 and Ar atmosphere with 50 sccm, so that 
TaN/Ta/TaN layer as Cu diffusion barriers were deposited on both side of patterned 
Si substrate. After that, Cu layer as a current collector was deposited on both side of 
TaN/Ta/TaN layer deposited patterned Si substrate at 500 V and 4 A in Ar 
atmosphere. 
 
2.3.2. Sn/CuO nanowires formation on pyramid-patterned substrate 
 
To form NW structure on the patterned substrate, down holder system was used, 
as shown in Figure 2.5. The solution consisted of 2 M of NaOH (Daejung, 98%) in 
４７ 
D.I. water and maintained at 5°C with stirring and N2 gas purging for 1 hr. As 
mentioned before in section 2.2.1, the three steps were applied to Cu layer-covered 
patterned substrate with 5 mA/cm2 for 10 s, -5 mA/cm2 for 20 s, and 5 mA/cm2 for 
300 s, sequentially. After the three steps of galvanostatic methods, p_Cu(OH)2 NWs 
electrode was obtained. Pt mesh and Ag/AgCl (KCl sat.) were used as a counter 
electrode and reference electrode, respectively. The p_Cu(OH)2 NWs electrode was 
rinsed with D.I. water for 15 s and blown with N2 gas to remove the residual water. 
After heat treatment with 250°C for 1 hr in Ar atmosphere, the p_Cu(OH)2 NWs was 
converted to p_CuO NWs with dehydration. Sn was electrodeposited on p_CuO 
NWs electrode with -10 mA/cm2 for 50 s in the solution of 0.07 M of Sn2P2O7 (Sigma 
Aldrich, 98%) and 0.36 M of K4P2O7 (Sigma Aldrich, 97%) in D.I. water. Then, the 
p_Sn/CuO NWs electrode was rinsed with D.I. water for 15 s and blown with N2 gas. 
The electrodes were dried at 120°C for 12 h under vacuum before put into glove box 
to remove residual water. 
 
2.3.3. Electrochemical measurement and characterization 
 
The 2032-type coin-cell with p_Sn/CuO NWs electrode was assembled in Ar-
４８ 
atmosphere glove box. Li metal foil (Cyprus) as a counter electrode and 
polypropylene-polyethylene-polypropylene (PP-PE-PP, Celgard) of multilayer 
separator were used. A mixture of 1.3 M of LiPF6 in ethylene carbonate (EC) and 
diethyl carbonate (DEC) at a ratio of 3:7 vol% was used as the electrolyte solution. 
The electrochemical behavior of the cell was monitored using a cycler (Wonatech, 
WBCS-3000) at 25°C after impregnation of electrolyte for 24 hr. The cycling of the 
cell was performed at 0.1 C-rate for the formation cycle, followed by 1 C-rate cycling. 
The voltage region during cycling was between 0.01 and 3.0 V (vs. Li/Li+). After 
electrochemical observation, the cells were dismantled in an Ar-filled glove box to 
prevent the reaction with oxygen and water in atmosphere. The electrodes were 
rinsed with dimethyl carbonate (DMC) to remove the residual electrolyte and salts 
on the electrode surface. To observe the surface morphology and composition of the 
electrode, field emission scanning electron microscope (FE-SEM, JEOL, JSM-
6701F) at 10 kV accelerating voltage was employed.  
  
４９ 
Table 2.2. The Abbreviations of Pyramid-patterned Substrate Covered by Cu Layer 
and Cu(OH)2 Nanowires, CuO Nanowires, and Sn-electrodeposited CuO Nanowires 




p_Cu layer pyramid-patterned substrate covered by Cu layer
p_Cu(OH)2 NWs
Cu(OH)2 nanowires on pyramid-patterned substrate 
covered by Cu layer
p_CuO NWs
CuO nanowires on pyramid-patterned substrate covered 
by Cu layer
p_Sn/CuO NWs
Sn-deposited CuO nanowires on pyramid-patterned 
substrate covered by Cu layer
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Figure 2.5. Schematic diagram of the three-electrode system for electrochemical 












CHAPTER III. Results and Discussion 
3.1. Sawtooth- and pyramidal-shape patterned Si anode 
 
3.1.1. Patterning on Si wafer substrate 
 
The sawtooth- and the pyramidal-shape patterning on Si wafer substrate was 
carried out by anisotropic Si wet etching. Si has different etch rate depending on its 
crystalline orientation. For instance, the (110) and (100) plane could be etched up to 
600 and 400 times faster than the (111) plane, when KOH was used as etchant [85]. 
Therefore, the etching rate remarkably reduced when the (111) plane was exposed 
to etchant. These different etching rates enabled us to fabricate the structures such as 
sawtooth- and pyramidal-shape patterns on the wafer surface. Table 3.1 shows the 
top and cross-sectional view of (110)-oriented Si wafer during wet etching. In (110)-
oriented Si wafer, the (111) plane has the slope of the oblique side was 35.25° 
compared to the horizontal surface. In addition, the reason of etching area like 
hexagonal shape is also due to the location of vertical (111) plane. Area ratio of base 
plane to newly exposed plane can be calculated by orthogonal projection. Because, 
the angle between base plane and exposed plane is 35.25°, the area of interesting 
５２ 
planes has a different ratio of cos 35.25° times. Therefore, if the base plane is set by 
1, the newly exposed plane is 1/cos 35.25° = 1.225. The etched and exposed plain 
shows sawtooth-shape pattern. In the same manner, in (100) oriented Si wafer, the 
(111) plane has the slope of the oblique side was 54.7° as shown in Table 3.2. If base 
plane is set by 1, the exposed plane is 1/cos 54.7° = 1.731. The etched plain shows 
the concave pyramidal-shape pattern.  
As a result of MEMS and etching process, five different electrodes (N-0, S-85, S-
170, P-50, and P-100) were prepared as shown in Figure 3.1 (a). The detail physical 
dimensions of the electrodes are summarized in Table 3.3. When the etching process 
was completed, TaN/Ta/TaN, Cu, and Si layers were sequentially deposited on the 
patterned substrates by sputtering as a Cu barrier layer, current collector, and active 
material, respectively. The TaN/Ta/TaN and Cu layers were sputtered on the entire 
of the outer surface of patterned substrate for electrical contact. The Si was deposited 
on the top surface of the substrate and the deposited film was verified by the cross-
sectional FE-SEM analysis as shown in Figure 3.1 (b). The thicknesses of the Si 
layers were 750, 650, and 450 nm for plain, sawtooth, and pyramidal electrodes, 
respectively. The different thicknesses of Si were due to the straight feature of 
sputtering and slope of the patterns. The deposit amount of Si was controlled as the 
５３ 
same for all the electrodes. 
  
５４ 
Table 3.1. The Top and Cross-sectional View of (110)-oriented Si Wafer during Wet 




Table 3.2. The Top and Cross-sectional View of (100)-oriented Si Wafer during Wet 










Figure 3.1. (a) FE-SEM surface and cross-sectional images of substrate (inset), (b) 
magnified cross-sectional images of deposited layers of TaN/Ta/TaN, Cu, and Si on 
each substrates.   
５８ 
3.1.2. Electrochemical behavior of patterned electrodes 
 
Figure 3.2 displays voltage profiles of the five electrodes for the formation step. 
The discharge capacities of the electrodes were ranged from 2500 to 2800 mAh/g, 
and the typical two-phase reaction of crystalline Si was absent. In addition, the 
Coulombic efficiency of the first cycle resided was in the range 70 ~ 80%. This 
observation shows that the Si film made by PVD was amorphous. It was also 
supported by a low cut-off voltage (80 mV) applied in this study, indicating that the 
crystallization during the lithiation could hardly occur. The discharge capacity of N-
0 electrode was 2480 mAh/g, and the Coulombic efficiency was 87%. However, the 
patterned electrodes showed a greater discharge capacity, approximately 2700 
mAh/g, and their Coulombic efficiencies (approximately 93%) were far greater than 
that of N-0 electrode, indicating that more irreversible capacity was required for the 
plain electrode than the patterned electrodes. In general, the irreversible capacity loss 
seen from the very first cycle is attributed to the formation of a solid electrolyte 
interphase (SEI). It seemed that the electrolyte decomposition was more severe on 
N-0 electrode than the patterned electrodes. 
To investigate the effect of pattern structure on the cycle performance, the charge 
５９ 
and discharge capacities of the electrodes were compared, as shown in Figure 3.3 (a). 
The initial specific discharge capacities increased in order of N-0, S-85, S-170, P-50, 
and P-100. Notably, N-0 electrode faded rapidly within first few cycles. It was 
presumed that the early deterioration of N-0 electrode was ascribed to the stress 
during Li insertion and extraction and successive pulverization of Si. In the process 
of pulverization, the isolated dead Si must have been formed, which could not 
contribute to the discharge capacity in the later stage [86]. The sawtooth electrodes 
(S-85 and S-170) also showed a drastic degradation, but with a slightly improved 
initial discharge capacity. However, the pyramid-patterned electrodes (P-50 and P-
100) showed better capacity retention than any other electrodes according to the 
cycle number. These electrodes maintained their capacity until the 10th cycle, still 
exhibiting 2260 mAh/g capacity. The major reason of the improved retention is the 
enlarged surface area of the pyramid-patterned electrode (+40% vs. plain). The large 
surface area could dissipate the stress induced by the volume change during the 
charge and discharge, because of the decrease in the Si layer thickness [87]. In 
addition, the concave regions, which exist only in sawtooth and pyramidal patterns, 
accommodated the volume expansion as well. Moreover, the pattern density also 
seemed to affect the capacity retention. Both patterned electrodes with large pattern 
６０ 
size, S-170 and P-100, showed a greater discharge capacity than S-85 and P-50, 
respectively, over cycling. In short, the electrodes with a low pattern density 
performed better than those with high pattern density. The relationship between the 
pattern density and the capacity will be explained in more detail in the later section.  
Figure 3.3 (b) exhibits the Coulombic efficiencies of the five electrodes. The 
common characteristics of the electrodes can be summarized as follows: (1) In the 
beginning cycles, the capacity and the efficiency of the electrode slightly increased, 
because of the activation of Si as Li ions diffused, as notably observed in the 
pyramid-patterned electrodes. (2) The capacity started to decrease drastically when 
the efficiency showed a hump. (3) In the later cycles, the efficiency was recovered 
with the disappearance of the hump even though the capacity kept decreasing and 
remained low. The characteristic is often called a hump behavior [88]. The capacity 
and the efficiency rapidly decreased at the hump, because the electrode surface was 
exposed due to cracking and successive Si exfoliation, accompanied with the contact 
loss between the current collector and Si. The recovered efficiency at the extended 
cycle resulted from the contribution of the remaining Si attached on Cu after all. The 
deterioration of the electrode can be distinguished by the position of hump. In other 
words, the earlier a hump appears, the shorter cycle-life the cell has. 
６１ 
The tolerance against the volume changes during the lithiation and delithiation can 
be represented by the remaining Si on the electrode. The FE-SEM images of the Si 
film after the 20th cycle in the plain and patterned electrodes are presented in Figure 
3.4 (a, b), and the corresponding coverages were measured (Table 3.4). The surface 
coverages of Si increased in the order of N-0 < S-85 < S-170 < P-50 < P-100, which 
coincided with the order of capacity retention. This emphasized that the pattern 
structures were effective to increase the endurance against the volume change by the 
release of stress between Si and substrate.  
In the sawtooth and pyramid-patterned electrodes, it seemed that the Si in the 
convex area rapidly reacted with Li ions, thus triggering a rapid exfoliation. As 
shown in Figure 3.4, a few amounts of Si islands were retained around the convex 
area in the patterned electrodes. The Li flux on the Si at the convex area must be 
greater than the concave area, because it is largely exposed to the electrolyte, and 
thus suffer from the relatively more severe volume change during the charge and 
discharge process. It was definite that the high-density patterned electrode contained 
a larger convex area than the low-density pattern. Therefore, the low density pattered 
electrodes showed a better cycle performance. 
Actually, there are possibility of not only the pattern shape effect but also the film 
６２ 
thickness effect of the Si active material on the cell performance. In general, it has 
been reported that the thinner the film, the better the performance of the electrode 
[8,87]. Figure 3.5 shows the thickness effect of Si film on specific capacity. As the 
thickness decreased, the capacity retention was improved. However, compared to the 
cycle performance of P-100, the capacity could not be maintained. Therefore, the 
pattern shape effect was confirmed. 
The patterned electrodes obviously affected the rate capability. Because the 
sawtooth and pyramid-patterned electrodes had 1.1 and 1.4 times larger active area 
for the lithiation and delithiation, respectively, and they must be favorable for 
alleviating the stress under harsh condition. Figure 3.6 shows the cycle retention 
during the charge and discharge cycle with a C-rate from 0.5 to 2. The cycle retention 
of P-100 retained approximately 80% of its initial capacity at 2 C-rate, whereas the 
plain electrode could only retain 10% of its initial value. Furthermore, P-100 
possessed a moderate reversibility, exhibiting 80% of the initial capacity, whereas 
the plain electrode could not. The patterns on the substrate not only helped to 
improve the cyclability but also the rate capability of the Si film electrode. 
In summary, the effect of electrode structure on the electrochemical performance 
of Li-ion battery was investigated. Two types of sawtooth and pyramidal patterns 
６３ 
were investigated to confirm the effect of surface area of the active material and 
stress release during the lithiation and delithiation. The patterned electrodes showed 
better cycle retention and rate capability compared to the plain electrode. Especially, 
P-100 electrode with a large surface area and deep depth of the pattern improved the 
rate capability as well as the capacity retention. The patterned electrodes reduced the 
stress originated from the volume change during the charge and discharge process 
and also enhanced the adhesion between the active material and current collector. 
These results suggest that the modification of the electrode structure overcame the 
problems of Si anode related to severe volume changes and finally not only improved 
the capacity retention but also the rate capability. 
  
６４ 
Table 3.4. The Capacity, Capacity Retention, and Si Coverage on the Surface of Five 




Sample label Capacity / mAh/g Retention / % Coverage / %
N-0 9.8 0.6 0
S-85 277.2 12.9 9.7 ± 2.3
S-170 521.7 22.3 21.2 ± 4.6
P-50 1110.6 47.0 57.0 ± 3.9
P-100 1242.8 52.0 65.6 ± 3.6
６５ 
 
Figure 3.2. Voltage profiles for N-0, S-85, S-170, P-50, and P-100 at formation step 
(0.1 C-rate). 
  
































Figure 3.3. (a) Specific capacity with charge (open)/discharge (solid) and (b) 
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Figure 3.4. (a) FE-SEM images of electrode surface after 20th cycle in order of N-0, 




Figure 3.5. Cycle performance of 250, 500, and 750 nm thick Si films upon 50th cycle 
at 0.5 C-rate. 
  
































Figure 3.6. Rate capability of N-0, S-85, S-170, P-50, and P-100 with 0.5, 1, 2 C-
rate. 
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3.2. Sn/CuO nanowires electrode on Cu foil 
 
3.2.1. Preparation of Sn/CuO nanowires on Cu foil 
 
The f_Cu(OH)2 NWs electrode was synthesized with electrochemical methods. 
The Cu foil was electrochemically anodized with three steps of galvanostatic method 
in three-electrode system as shown in Figure 3.7 (a, b). The first step in the region 
(1) was for Cu oxidation on Cu foil with anodic current of 5 mA/cm2 for 10 s to 
diminish an uneven native Cu oxide layer. In the next step, the Cu oxide removal 
was carried out with -5 mA/cm2 for 20 s in the region (2). Finally, the Cu foil was 
anodized to form Cu(OH)2 NWs in basic solution in the region (3): 
(Eq 3.1) 𝐶𝑢2+ + 2𝑂𝐻− → 𝐶𝑢(𝑂𝐻)2 
The dissolved Cu ion was reacted with hydroxyl ion in aqueous solution, so that 
Cu(OH)2 nanoparticles were formed. The Cu(OH)2 nanoparticles got together and 
formed nanowires on the Cu foil by oriented attachment [88]. In this study, the 
anodization of Cu foil was conducted at 5°C. The shape of nanowires was changed 
according to the temperature of the solution, as shown in Figure 3.8. When the 
temperature increased by 10°C, a hedgehog-like shape was observed on the surface. 
７１ 
This confirms that nanowire shape varies with temperature, as reported in other 
literature [79]. So, the experiment was performed at 5°C to obtain a uniform 
nanowires shape. The formed Cu(OH)2 NWs were below 300 nm of diameter. 
After heat treatment at 250°C for 1 hr in Ar atmosphere, the light blue Cu(OH)2 
NWs turned into black CuO NWs with curved and rough surface. The curved 
morphology of CuO NWs was due to the stress induced by the dehydration of 
Cu(OH)2. In the orthorhombic crystal structure of Cu(OH)2, Cu(II) has a pentahedral 
surrounding with five OH- ions forming square pyramid. At elevated temperature, 
relatively long Cu-O bond could be weak and square planar entities Cu(OH)4 linked 
together reversibly [89]. Due to the stability of structure depending on network of 
hydrogen bonds, feasible shift of CuO4 or Cu can be possible. In short, at the 
temperature of 250°C, the dehydration of Cu(OH)2 is accomplished by an oxolation 
mechanism. The length of the CuO NWs was around 5 μm and the diameter was 
218.4 (± 27.9) nm.  
Finally, the Sn was covered onto the CuO NWs electrode with electrodeposition 
in aqueous solution. The f_Sn/CuO NWs electrode was obtained which was entirely 
covered by Sn. Figure 3.9 exhibits the deposition time for 50 s was optimum. Above 
75 s, the nanowires adhered each other and the agglomerated Sn which connected 
７２ 
with nearby nanowires were observed. The diameter of Sn/CuO NWs deposited for 
50 s was 227.6 (± 26.2) nm. Figure 3.10 exhibits the cross-sectional images of f_CuO 
NWs and f_Sn/CuO NWs electrodes. The surface of Sn/CuO NW was rougher than 
CuO NW due to deposited Sn on the surface. The boundary of CuO NWs and Sn 
regions was not clearly observed, so it was hard to measure the thickness of the 
deposited Sn layer. This was assumed that the Sn was melted by heat during the 
cutting by Ar-ion beam because Sn has relatively low melting point of 231.9°C.  
In summary, the scheme of preparation procedures for f_Sn/CuO NWs electrode 
is exhibited in Figure 3.11. The f_Sn/CuO NWs electrode was synthesized with 
electrochemical methods. The Cu foil was electrochemically anodized with 
galvanostatic method. After heat treatment, Cu(OH)2 NWs were converted to CuO 
NWs and finally the CuO NWs were covered by Sn with electrodeposition. Figure 
3.12 (a-c) show the FE-SEM surface images of the Cu(OH)2 NWs, CuO NWs after 
heat treatment and Sn/CuO NWs electrode, respectively. As shown in Figure 3.12 
(d), the EDS mapping of Sn on the Sn/CuO NWs electrode indicated evidence of the 
successful Sn loading and its uniform distribution over CuO NWs. TEM-EDS 
mapping of Sn/CuO NW was also carried out, as shown in Figure 3.13. The elements 
of Sn, Cu, and O were detected along the nanowire. 
７３ 
 
Figure 3.7. (a) Potential profile of galvanostatic method and (b) magnification in the 
region of initial 60 s during three steps with (1) 5 mA/cm2 for 10 s, (2) -5 mA/cm2 
for 20 s, and (3) 5 mA/cm2 for 300 s. 
  











































































Figure 3.9. FE-SEM surface images of f_Sn/CuO NWs electrode according to the 




Figure 3.10. FE-SEM cross-sectional images of (a) f_CuO NWs electrode and (b) 









Figure 3.12. FE-SEM surface images of (a) f_Cu(OH)2 NWs electrode, (b) f_CuO 
NWs electrode, (c) f_Sn/CuO NWs electrode and (d) EDS mapping of Sn on 








3.2.2. Characterization and electrochemical behavior of Sn/CuO 
nanowires on Cu foil 
 
First of all, the amounts of Sn and CuO on f_Sn/CuO NWs electrode were 
measured by ICP-AES. When measuring the amount of CuO, it was hard to obtain 
the amount directly because Cu dissolved from CuO NWs and Cu foil could not be 
distinguished. Therefore, the genuine CuO content was measured by using the 
different dissolution rate between CuO and Cu. Figure 3.14 (a) displays Pourbaix 
diagram of Cu. According to the graph, CuO is unstable under acidic condition, so 
it dissolves in acidic solution. However, Cu foil could be also slowly dissolved. In 
order to distinguish the amount of Cu, the following methods were used. The 
f_Sn/CuO NWs electrode was immersed in 5 ml of 1 vol% HNO3. To measure the 
concentration of Cu, 1 ml was sampled at specific time intervals. At the same time, 
1 ml of fresh 1 vol% HNO3 was replenished to maintain 5 ml. From ICP-AES results, 
the dissolution amount of Cu was calculated in each time and the cumulative amount 
of the Cu content was obtained. Figure 3.14 (b) indicates the cumulative amount of 
Cu sampled at specific time according to the Sn electrodeposition time. To 
distinguish the Cu originated from CuO and Cu, samples were taken until a saturated 
８１ 
slope was observed. When the slope becomes constant, the slope at that time means 
the dissolution speed of Cu from Cu foil. By plotting trend lines with this slope and 
calculating the difference of the y-axis values, the amount of Cu ion from CuO was 
obtained as seen in Figure 3.14 (c). Unlike CuO, the amount of Sn was directly 
measured with ICP-AES by dissolving the whole of f_Sn/CuO NWs electrode under 
strongly acidic condition (aqua regia). In the f_Sn/CuO NWs electrode prepared by 
electrodeposition of Sn for 50 s, the amount of Sn was 0.079 mg/cm2 and the amount 
of CuO was 0.273 mg/cm2. 
The crystal structures of the Sn film, Cu(OH)2 NWs, CuO NWs, and Sn/CuO NWs 
were characterized by XRD observed in Figure 3.15. There are three strong 
diffraction peaks in all samples; 43.3°, 50.4° and 74.1° which originated from the Cu 
foil substrate (JCPDS 04-0836) of (111), (200) and (220), respectively. The Sn film 
on Cu foil shows both tetragonal Sn (JCPDS 04-0673) and monoclinic Cu6Sn5 alloy 
(JCPDS 45-1488). It was confirmed that at initial state of Sn electrodeposition, Sn 
becomes alloyed with Cu. However, the Cu6Sn5 crystalline structure was not 
observed at low current density (-5 mA/cm2) during electrodeposition. For the 
Cu(OH)2 NWs, the diffraction peaks indexed to orthorhombic Cu(OH)2 (JCPDS 80-
0656) could be identified. Both of the CuO NWs and Sn/CuO NWs, the broad 
８２ 
diffraction peaks at 35.5° and 38.9° could be assigned to the (1̅11) and (200) plane 
of monoclinic CuO phase (JCPDS 48-1548). Also, the cubic Cu2O (JCPDS no. 05-
0667) peaks appear on 36.4°, 42.3° and 61.3° correspond to (111), (200) and (220), 
respectively. The Cu2O could be formed with incomplete dehydration and reduction 
of Cu(OH)2 with X-ray exposure [90]. The broad diffraction peaks of CuO and Cu2O 
suggest the small crystallite size in the nanowires. The diffraction peak of Sn 
crystallinity was not particularly observed with Sn/CuO NWs, indicating that the 
electrodeposited Sn on CuO NWs was in amorphous phase. In addition, interestingly, 
the peak of Cu6Sn5 alloy was not detected due to reduced current density on Sn 
electrodeposition originated from enlarged surface area and CuO reduction.  
The XPS spectra of f_Cu(OH)2 NWs, f_CuO NWs and f_Sn/CuO NWs electrodes 
were recorded to analyse the surface composition and chemical state. The C1s peaks 
with the main peak at 284.8 eV was adjusted to calibrate all of the binding energies. 
In Figure 3.16, the strong peaks at 934.8 eV and 932.9 eV correspond to Cu2+ 2p3/2 
and Cu 2p3/2, respectively [91]. The Cu+ 2p3/2 signal can also appear near Cu 2p3/2 
area. However, because there is no Cu+ in f_Cu(OH)2 NWs, the peak at 932.9 eV is 
originated from only Cu 2p3/2 on Cu substrate. The two extra signals at 942 and 944.5 
eV are also observed corresponding to shake-up satellite peaks from Cu2+. In the 
８３ 
f_CuO NWs electrode, the peak at 932.9 eV contains Cu+ 2p3/2 signal from Cu2O as 
well as Cu 2p3/2 as detected in Figure 3.15.  
In Table 3.5, the percentage of Cu, Cu+, and Cu2+ elements in f_Cu(OH)2 NWs, 
f_CuO NWs, and f_Sn/CuO NWs electrode were estimated. Shake-up satellite peaks 
at (1), (2) and the main 2p3/2 peaks at (3), (4) were represented at three graphs, 
respectively in Table 3.5. The shake-up satellite peaks are originated from the spectra 
of d9 Cu2+ and not in d10 Cu or Cu+. The shake-up peaks could occur when the 
outgoing electron interacts with a valence electron and excites it to a higher energy 
level in d-orbital. Therefore, the kinetic energy reduction of the outgoing electron 
occurs and generates satellite structure like possessing high binding energy in Cu 
2p3/2. Because the shake-up satellite peaks are originated from Cu2+, the area of the 
shake-up satellite peaks should be included in Cu2+ when quantitative analysis is 
conducted. 
In Cu 2p3/2 signal of f_Cu(OH)2 NWs, the area of (1) + (2) + (3) represents Cu2+ 
species and the area of (4) is Cu. After heat treatment in Ar atmosphere, the Cu+ was 
formed as detected in XRD results (Figure 3.15). So, both Cu and Cu+ species were 
contained in the peak of (4). Because the Cu+ was originated from Cu2+ in Cu(OH)2, 
the ratio of Cu should be maintained. So, the (4) peak having 21.9% of area in Cu 
８４ 
2p3/2 include 14.5% of Cu (the ratio of Cu at Cu(OH)2 2p3/2) and 7.4% of Cu+ (newly 
formed from Cu(OH)2) in f_CuO NWs.  
During preparation of f_Sn/CuO NWs, the Cu2O and CuO were electrochemically 
reduced to Cu, so the ratio of Cu+ and Cu2+ should be also decreased. The area 
percentage of (1) + (2) + (3) in f_Sn/CuO NWs was 68.3% which is also the ratio of 
Cu2+. However, because it is hard to distinguish between Cu and Cu+ in Cu 2p3/2, the 
atomic percentage of Cu and Cu+ were estimated. The Cu in f_Sn/CuO NWs seemed 
above 24.3%, which was calculated from summation with 14.5% (Cu) and 9.8% 
(78.1% - 68.3%, Cu2+). Cu2O was also reduced, so it existed below 7.4%. 
From above calculation, the percentage of Cu+ in Cu2O at f_CuO NWs electrode 
seemed 7.4% which was 9.5% of CuO. So, it was confirmed that most of copper 
oxide existed with CuO. In addition, the main O 1s peak at 531.1 eV is attributed to 
-OH in the Cu(OH)2 lattice. The core level XPS of O 1s presents two peaks in CuO 
sample, which can be ascribed to oxygen in CuO lattice and hydroxyl group of outer 
surface of CuO originated from the Cu(OH)2, as seen in Figure 3.17. In Figure 3.18, 
the Sn 3d peaks show that the existence of Sn and Sn4+ on f_Sn/CuO NWs [92,93]. 
Figure 3.19 presents the TEM images of Sn/CuO NWs. The nanowires were 
loaded on Mo grid by scratching the f_Sn/CuO NWs electrode. The bright field 
８５ 
images show spherical grains with a dimension around 8 nm of Sn on CuO NWs in 
Figure 3.19 (b, c). When the Sn was electrodeposited on CuO NWs, the CuO could 
also be reduced to Cu at the potential during Sn deposition. From high-resolution 
TEM images of outer region on Sn/CuO NWs in Figure 3.19 (d-f), the Cu (111) and 
CuO (1̅11) lattice planes were observed, which was coincided with the result of XRD 
peaks in Figure 3.15. Lattice morphology could not be verified in the Sn-deposited 
area, indicating that Sn was in an amorphous state. The result presents that partial 
area of CuO surface is converted to Cu during Sn deposition (Figure 3.20 (a)). So, 
the reduced Cu acts as a node anchoring CuO and Sn between CuO and Sn can 
enhance the electrical conductivity during cycling. Figure 3.20 (b) exhibits the 
preferable electron pathway in the Sn/CuO NW. Because the electrical conductivity 
of Cu is higher compared to CuO, the electron can move easily. After CuO reduction 
with linear sweep voltammetry (20 mV/s, OCP → -1.8 V vs. Ag/AgCl (KCl sat.), 
twice) and chronopotentiometry (-10 mA/cm2 for 50 s, twice), the lithiation peaks of 
CuO were remarkably reduced as shown in Figure 3.21. Therefore, it was able to 
confirm existence of Cu between CuO and Sn indirectly when Sn electrodeposition 
was conducted. 
The shape of electrodeposited Sn was investigated according to the CuO NWs 
８６ 
reduction. In Figure 3.22, without CuO reduction, Sn was deposited on CuO NWs 
like film. However, after CuO reduction with -10 mA/cm2 for 50 s, the Sn was 
deposited like bunch of grapes. The difference of deposited Sn shape was originated 
from existence of reduced Cu nodes. Without CuO reduction, coulomb consumption 
at Sn deposition was low due to simultaneous CuO reduction. On the other hand, 
after CuO reduction, there were reduced Cu nodes and Sn deposition could easily 
occur on the Cu nodes compared to CuO surface. So, dominant growth on the Cu 
nodes generated bunch of grapes shape of Sn. This shape difference also indicated 
the existence of reduced Cu on CuO NW.  
To confirm the activities of Sn and CuO with Li-ion in f_Sn/CuO NWs electrode, 
cyclic voltammetry was conducted. Figure 3.23 presents the voltammograms of f_Sn 
film, f_CuO NWs, and f_Sn/CuO NWs electrodes at 1st ~ 5th cycles. The CV of f_Sn 
film and f_CuO NWs electrodes show the cathodic and anodic peaks corresponding 
to the multistep Li-ion reaction. In Figure 3.23 (a), the reduction curves from 0.01 to 
0.4 V corresponding to the Li intercalation processes of Sn and Cu6Sn5 to form the 
Li4.4Sn and Cu. The oxidation peaks from 0.4 to 0.8 V correspond to the reformation 
of Cu6Sn5 [57]. The existence of Cu6Sn5 was previously confirmed by X-ray 
diffraction (Figure 3.15). Figure 3.23 (b) shows the CV curve of f_CuO NWs 
８７ 
electrode. At the 1st cathodic scan, there appeared mainly three peaks at 2.11 V, 1.09 
V and 0.85 V. The peak at 2.11 V for the CuO NWs corresponds to solid solution 
formation of LixCuO. The peaks at 1.09 V and 0.85 V are associated with the 
generation of Cu2O, followed by reduction into Cu and Li2O. After the 1st cyclic 
curve, the peak shift was observed from 1.18 V to 1.25 V. It was usual phenomenon 
for metal oxide and elucidated textual modification, indicating good structural 
stability and redox reversibility [80,94]. The anodic peak around 2.48 V correspond 
to the formation of Cu2O and oxidation of Cu2O into CuO [82,95]. The CV of 
f_Sn/CuO NWs electrode was shown in Figure 3.23 (c). The peaks of f_Sn/CuO 
NWs electrode coincide with f_Sn film and f_CuO NWs electrodes. The weak 
reduction peak at near 0.5 V is related to Eq 3.2 and the peak at about 0.15 V is 
associated with the alloying in the form of Eq 3.3. 
(Eq 3.2) 𝑆𝑛𝑂2(𝑠) + 𝑥𝐿𝑖
+ + 𝑥𝑒− → 𝑆𝑛 + 2𝐿𝑖𝑥/2𝑂(𝑠)  𝐸 ≈ 0.5 𝑉 (𝑣𝑠. 𝐿𝑖/𝐿𝑖
+) 
 (Eq 3.3) 𝑆𝑛(𝑠) + 𝑥𝐿𝑖+ + 𝑥𝑒− → 𝐿𝑖𝑥𝑆𝑛(𝑠)   𝐸 ≈ 0.15 𝑉 (𝑣𝑠. 𝐿𝑖/𝐿𝑖
+) 
During the anodic curve, the peak at 0.5 V corresponds to the de-alloying of LixSn. 
Oxidation of Sn into SnO and further into SnO2 occur at about 1.25 V and 1.9 V 
[65,96]. It seemed that the SnO2 was formed in oxygen environment because the 
deposition potential of Sn is close to the reduction potential of CuO during Sn 
８８ 
deposition (Figure 3.24). In addition, Li2O originated from lithiation of CuO reacts 
with Sn during delithiation process, so SnO2 can be formed. This combination 
reaction with Sn and Li2O occurs in the boundary region and enough to observe the 
peak intensities due to the large surface area. After the 1st cycle of f_Sn/CuO NWs 
electrode, the CV curves were maintained, thus the NW alleviated the stress induced 
by volume change and fading of active materials. 
To investigate the effect of nanowires on the cycle performance, the specific 
capacity and Coulombic efficiency of the electrodes were observed. The theoretical 
capacity of f_Sn/CuO NWs electrode was calculated by following equation. 
(Eq 3.4) 𝐶𝑆𝑛/𝐶𝑢𝑂 𝑁𝑊𝑠 = 𝐶𝑆𝑛 ∗ 𝑋𝑆𝑛 + 𝐶𝐶𝑢𝑂 ∗ 𝑋𝐶𝑢𝑂    
CSn and CCuO are theoretical capacity of Sn (994 mAh/g) and CuO (675 mAh/g), 
respectively. XSn and XCuO are mass ratio of Sn and CuO in f_Sn/CuO NWs electrode. 
The amounts of Sn and CuO were 0.079 and 0.273 mg/cm2 on the f_Sn/CuO NWs 
electrode. So, CSn/CuO NWs was obtained 746.8 mAh/g. Figure 3.25 shows the specific 
capacity and Coulombic efficiency of f_Sn film and f_Sn/CuO NWs electrodes. The 
initial discharge capacity of f_Sn film electrode was 296.4 mAh/g and Coulombic 
efficiency was 82.7%. The low reversible capacity of f_Sn film electrode compared 
to the theoretical capacity (994 mAh/g) is originated from the thickness of Sn layer 
８９ 
[97]. As the thickness increased, severe deterioration of f_Sn film electrode 
exacerbates capacity and retention. The thickness of Sn film was estimated about 1 
μm from calculation. However, the f_Sn/CuO NWs electrode showed the discharge 
capacity of 1048.3 mAh/g for the 1st cycle. The Coulombic efficiency of f_Sn/CuO 
NWs electrode (78.9%) was little lower than that of Sn film electrode, indicating that 
more irreversible capacity was required. The irreversible capacity loss seen from the 
1st cycle is generally attributed to the formation of a solid electrolyte interphase (SEI). 
It indicated that electrolyte was consumed in f_Sn/CuO NWs electrode due to the 
large surface area of nanowires. After the 1st formation cycle, the Coulombic 
efficiency was recovered up to 98%. The discharge capacity of f_Sn/CuO NWs 
electrode at 70th cycle was 729.0 mAh/g which was 89% retention compared to initial 
capacity with 1 C-rate. This result is comparable to the Sn-based electrodes that have 
been recently reported in other literatures (Figure 3.26). Generally, if the surface area 
is increased to relieve the stress during cycling, the initial efficiency is lowered 
because irreversible capacity from SEI formation is enlarged. Figure 3.26 (c) is a 
graph summarizing Figure 3.26 (a) and (b). Although the capacity at 70th cycle and 
the Coulombic efficiency at formation cycle are inversely proportional to each other, 
the results of this study showed that the capacity was enlarged with high Coulombic 
９０ 
efficiency at formation cycle on the dotted line in Figure 3.26 (c).  
The f_Sn film electrode showed increasing tendency of capacity until 50th cycle 
due to activation of Sn with Li-ion during cycling and the capacity decreased 
afterwards. It was presumed that the effect of Sn activation was predominant at the 
early cycles, whereas deterioration of Sn film overwhelmed the activation effect at 
later cycles, resulting in the capacity fading. The fading was mostly ascribed to the 
stress during the insertion/extraction of Li-ion and successive pulverization. 
Meanwhile, f_Sn/CuO NWs electrode showed better capacity retention than f_Sn 
film electrode. It was expected that 1-D nanowire secured the efficient charge 
transport, and the large surface area dissipated the stress induced by the volume 
change during cycling. 
Based on the experimental results, the theoretical capacity was compared with the 
experimental capacity to see if CuO and Sn in the electrode reacted properly with 
Li-ion. As shown in Figure 3.14, the mass of CuO and Sn in the Sn/CuO NWs 
electrode was 0.273 mg/cm2 and 0.079 mg/cm2, respectively. By multiplying the 
theoretical capacity (CuO: 675 mAh/g and Sn: 994 mAh/g), CuO and Sn showed 
1843 mAh/cm2 and 0.0785 mAh/cm2, respectively, which were 70.1% and 29.9% of 
the total capacity. The potential ranges of Sn and CuO to react with Li-ion was 
９１ 
examined to obtain practical capacity. Figure 3.23 shows the CV results of the Sn 
electrode and CuO NWs electrode. It was confirmed that Sn reacted mainly at 0.5 V 
or lower and CuO reacted at 0.5 V or higher. In addition, some CuO reacted at less 
than 0.5 V, indicating that about 13.2% of the total capacity reacted through the 
potential profile in Figure 3.27. Therefore, it can be expected that 100/86.8 times of 
the capacity of Sn/CuO NWs electrode reacted above 0.5 V was for CuO, and the 
remainder was capacity for Sn. This showed in Figure 3.27 (b) and practical capacity 
ratio of CuO and Sn were 72.4% and 27.6%, respectively. Therefore, it was 
confirmed that CuO and Sn in the Sn/CuO NWs electrode reacted well with Li-ion. 
Figure 3.28 shows the EIS results of f_Sn film, f_CuO NWs and f_Sn/CuO NWs 
electrodes at the 1st and the 50th cycle. The f_Sn/CuO NWs have 1-D nano-structure, 
so the diffusion length of Li-ion is short and the Cu located between CuO and Sn 
enhances the electrical conductivity as confirmed in XPS and TEM results. Table 3.6 
represents the resistance values of three electrodes at 1st and 50th cycle. The charge 
transfer resistance of f_Sn/CuO NWs electrode was much lower than that of f_Sn 
film electrode. Moreover, the resistance of f_Sn film electrode was increased 
remarkably after the 50th cycle due to the exfoliation of f_Sn film electrode and 
unceasing formation of SEI at exposed surface, whereas the charge transfer 
９２ 
resistance of f_Sn/CuO NWs electrode was almost unchanged. 
Figure 3.29 displays the FE-SEM surface images of f_Sn film and f_Sn/CuO NWs 
electrodes before and after cycling. In Figure. 3.29 (c), the f_Sn film electrode was 
pulverized after 70th cycle and the rough surface of Sn and cracked area could be 
observed. However, the f_Sn/CuO NWs electrode maintained the initial morphology 
of nanowire shape after 70th cycle, as shown in Figure 3.29 (d). The diameter of 
Sn/CuO NWs after 70th delithiation was 415.1 (± 53.1) nm associated with 182% of 
initial length.  
The nanowire structure of Sn/CuO markedly affects the rate capability by 
increasing the active site of Li-ion insertion, as shown in Figure 3.30. Because the 
low internal resistance (Figure 3.28) assists the capacity retention at high current 
charge and discharge, the nanowire structure maintained the capacity better in harsh 
condition. The reversible discharge capacity decreases to 1001, 889, 828, 754, 671, 
560, and 424 mAh/g at 0.1 C, 0.5 C, 1 C, 2 C, 4 C, 8 C, and 16 C-rate, respectively. 
The cycle retention of f_Sn/CuO NWs electrode retained about 56% of capacity at 
16 C-rate and recovered the capacity as high as 909 mAh/g (91% retention) when 
the C-rate returned to 0.1 C. 
In summary, the binder-free f_Sn/CuO NWs electrode by means of anodization 
９３ 
and electrochemical deposition was successfully fabricated. The 1-D nanowire 
consists of CuO, Sn, and Cu enhancing the electron pathway. The f_Sn/CuO NWs 
electrode showed outstanding cycle retention during 70 cycles and from the CV 
result, Sn was well reacted with Li-ion during cycles. The electrode has good rate 
capability compared to f_Sn film electrode.  
  
９４ 
Table 3.5. Area Percentage of Peaks Measured in XPS Results (Figure 3.16) and 





Table 3.6. Resistance Values of f_Sn film Electrode, f_CuO NWs Electrode, and 







Figure 3.14. (a) Pourbaix diagram of Cu [104] and (b) ICP-AES results of Cu 
elements amount in f_Sn/CuO NWs electrode according to the dissolution time in 1 
vol% HNO3 and (c) the amount of CuO and Sn elements according to Sn ED time. 
  



















































































Figure 3.15. XRD patterns of f_Sn film electrode, f_Cu(OH)2 NWs electrode, f_CuO 
NWs electrode, and f_Sn/CuO NWs electrode. 
  





















Figure 3.16. XPS Cu 2p spectrum of (a) f_Cu(OH)2 NWs electrode, (b) f_CuO NWs 
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Figure 3.17. XPS O 1s spectrum of (a) f_Cu(OH)2 NWs electrode, (b) f_CuO NWs 
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Figure 3.19. TEM images of (a, b, c) Sn/CuO NWs and high magnification images 




Figure 3.20. Schemes of (a) CuO NW and Sn/CuO NW and (b) electron pathway 




Figure 3.21. Cyclic voltammograms of f_CuO NWs electrode after twice reduction 
with (a) linear sweep voltammetry (20 mV/s) and (b) chronopotentiometry (-10 
mA/cm2) at scan rate of 0.1 mV/s for 5 cycles.  
  






















































Figure 3.22. (a) FE-SEM surface image of electrodeposited Sn on f_CuO NWs 
electrode and (b) potential profile during Sn ED. (c) FE-SEM surface image of 
electrodeposited Sn on f_CuO NWs electrode after reduction of f_CuO NWs 
electrode with -10 mA/cm2 for 50 s and (d) potential profiles during reduction of 




Figure 3.23. Cyclic voltammograms of (a) f_Sn film electrode, (b) f_CuO NWs 
electrode, and (c) f_Sn/CuO NWs electrode at scan rate of 0.1 mV/s. 
  



























































































Figure 3.24. Potential profiles of Sn ED on f_CuO NWs electrode and reduction of 
f_CuO NWs electrode at same chronopotentiometry with -10 mA/cm2. 
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Figure 3.25. Specific capacity and Coulombic efficiency of f_Sn film electrode and 
f_Sn/CuO NWs electrode at 0.1 C-rate for the formation step followed by 1 C-rate 
cycling. 
  









     













































Figure 3.26. Information of several Sn-based electrodes reported in the literatures of 
[54], [55], [56], [63], [66], [98], [99], [100], [101], [102], [103], and this study [*]. 
(a) Coulombic efficiency, (b) specific capacity at 1st and 70th cycle, and (c) 
Coulombic efficiency at formation cycle vs. capacity at 70th cycle plot.  
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[54] [55] [63][99] [103][*][98] [66] [100][101] [102] [56]
[54] [55] [63][99] [103][*][98] [66] [100][101] [102] [56]
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Figure 3.27. Voltage profiles of (a) f_CuO NWs electrode and (b) f_Sn/CuO NWs 
electrode at first three cycles during cyclic voltammetry with scan rate of 0.1 mV/s. 
  






































































Figure 3.28. EIS analysis of f_Sn film electrode, f_CuO NWs electrode and 
f_Sn/CuO NWs electrode at 1st and 50th cycle. 
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Figure 3.29. FE-SEM surface images of (a, c) f_Sn film electrode and (b, d) 




Figure 3.30. (a) Rate capability, (b) voltage profile, and (c) differential capacity of 
f_Sn/CuO NWs electrode with 0.1, 0.5, 1, 2, 4, 8, and 16 C-rate. 
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3.3. Sn/CuO nanowires electrode on patterned substrate 
 
3.3.1. Long-term cycling stability of Sn/CuO nanowires electrode on Cu 
foil 
 
In previous section 3.2, the f_Sn/CuO NWs electrode showed the improved cycle 
characteristics due to stress relaxation originated from enlarged surface area and 
resistance reduction resulted from nanowire structure. However, after 100th cycle, a 
unique behavior was observed. Figure 3.31 exhibits the specific capacity with 
f_Sn/CuO NWs electrode up to 200th cycle. It was observed that capacity suddenly 
decreased around 100 cycles and continuously decreased to 200 cycles. The 
discharge capacity of f_Sn/CuO NWs electrode at 200th cycle was 550 mAh/g which 
was 68% retention compared to initial capacity with 1 C-rate. In order to analyze the 
abrupt capacity fading, the surface of the f_Sn/CuO NWs electrodes which was 
cycled with 100th cycle and 200th cycle were observed by FE-SEM. The nanowire 
structure could not be maintained and aggregated as shown in Figure 3.32. Figure 
3.32 (a, b) shows the surface morphology of f_Sn/CuO NWs electrode after 100th 
cycle. At low magnitude images, it seemed that the surface looked like film. There 
１１４ 
are agglomerated nanowires and many cracks on the surface. After 200th cycle, the 
surface of the electrode was severely fade, as shown in Figure 3.32 (c, d). This was 
due to the combination of conversion and alloying reactions during lithiation and 
delithiation and structure collapse and aggregation between adjacent nanowires.  
The main cause for nanowire aggregation was likely to pressing step when the 
coin cell was assembled with cell body and cell cap. Figure 3.33 (a) shows schematic 
presenting visually that the nanowires are laid down by squeezing, which is able to 
promote degradation. In this state, the structure could maintain up to 70th cycle, 
however, as the cycle progresses afterwards, the structure gradually became 
recombination and collapsed. In order to improve this problem, a method of 
mitigating the pressing phenomenon of the nanowires during the cell assembly was 
required. So, the patterned substrate which was fabricated in section 3.1.1 was 
applied. Among the patterned substrates, pyramid-patterned substrate having 100 μm 
width (P-100) which showed the most increased surface (+40%) was used. The 
expected structure shows in Figure 3.33 (b) which can maintain the nanowire 





Figure 3.31. Specific capacity and Coulombic efficiency of f_Sn/CuO NWs 
electrode up to 200th cycle at 1 C-rate. 
  
















































Figure 3.32. FE-SEM surface images of f_Sn/CuO NWs electrode after (a, b) 100th 




Figure 3.33. Schematics of cross-sectional view in case of (a) f_Sn/CuO NWs 
electrode and (b) p_Sn/CuO NWs electrode which consists of Sn/CuO NWs 
electrode and pyramid-patterned substrate. 
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3.3.2. Preparation of Sn/CuO nanowires electrode on pyramid-patterned 
substrate 
 
Prior to fabrication of the p_Sn/CuO NWs electrode, the nanowires were formed 
on plain substrate. The experimental conditions were same as in section 3.1.1, which 
were TaN/Ta/TaN layer and Cu layer in sequence. In the Cu anodization using the 
Cu foil, the experiment was carried out with the up-holder system, however, in case 
of the substrate size with 1 x 1 cm2, it was difficult to conduct experiment without 
leakage of the solution. So, the down-holder system was used as shown in Figure 2.5. 
The substrate was fixed to the RDE with kapton tape shielding the side wall resulting 
in exposure of only one side of the substrate. Figure 3.34 shows the FE-SEM images 
of the surface and cross-section with anodization time. Nano rods began to form on 
the surface and split into nanowires at 75 s. When proceeded up to 300 s, it was 
confirmed that the nanowires grew more and more and covered the surface. As the 
anodization progresses, the thickness of the Cu layer decreased due to the dissolution 
of Cu and after 300 s, the thickness was decreased by ~0.4 μm. This was because Cu 
was dissolved in anodization to form Cu(OH)2. 
Nanowire formation on the patterned substrate was proceeded as shown in Figure 
１１９ 
3.35. The patterned substrate of pyramid shape with 100 μm (P-100) was used. In 
the case of the patterned substrate, the Cu layer at inclined plane was thinner than 
the horizontal surface during PVD, so that the Cu layer was sufficiently deposited 
by 4 μm. Figure 3.36 shows FE-SEM images of p_Cu layer, p_Cu(OH)2 NWs 
electrode, and p_CuO NWs electrode. As can be seen in Figure 3.36 (a), the Cu layer 
at oblique side was covered by ~2 μm compared to 4 μm at horizontal side. Figure 
3.36 (b, d) show the cross-section and surface images of p_Cu(OH)2 NWs electrode, 
and it was confirmed that the nanowires were successfully grown at concave and 
convex regions of pyramid-patterned substrate with a length of 5 μm. Figure 3.36 (c, 
e) show the cross-section and surface images of p_CuO NWs electrode with curved 
nanowires.  
Then, Sn was electrodeposited on p_CuO NWs electrode. However, the Sn was 
not fully covered on the CuO NWs. Figure 3.37 (a) indicates the schematic of pattern. 
The pattern was divided by three regions which were top, middle, and bottom, and 
confirmed the presence of Sn at each position. At 0 rpm with no convection, it was 
found that Sn was electrodeposited only in the top position except middle and bottom 
positions. As mentioned before, during Sn electrodeposition, the reduction of CuO 
also occurred forming oxygen. These oxygen bubbles hindered contact between CuO 
１２０ 
NWs and solution resulting in no existence of Sn. Therefore, Sn electrodeposition 
was carried out with convention increasing rpm to remove oxygen bubbles. Figure 
3.37 (b) shows the top, middle, and bottom surface images at 0, 60, 100, and 600 
rpm. Square filled with white color means existence of Sn and that with black color 
means no existence of Sn on nanowires. As the rpm increased, Sn was 
electrodeposited more and more toward the bottom, rather absence of Sn at top 
position. So, optimum condition was obtained at 50 rpm between 0 and 600, thus Sn 




Figure 3.34. FE-SEM surface and cross-sectional images of Sn/CuO NWs anodizing 
for (a, b) 25 s, (c, d) 50 s, (e, f) 75 s, (g, h) 150 s, (i, j) 300 s, respectively. Inset shows 









Figure 3.36. FE-SEM cross-sectional images of (a) p_Cu layer, (b) p_Cu(OH)2 NWs, 
and (c) p_CuO NWs. The corresponding surface images of (d) p_Cu(OH)2 NWs and 




Figure 3.37. (a) Schematic of cross-sectional region of p_Sn/CuO NWs electrode 
and (b) FE-SEM surface images of top, middle, and bottom region of p_Sn/CuO 
NWs electrode as indicating in (a). In the FE-SEM images, the square at the right 
top means the deposited Sn was observed (black) or not (white). 
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3.3.3. Electrochemical behavior of Sn/CuO nanowires electrode on 
pyramid-patterned substrate 
 
 To investigate the effect of pyramid-patterned substrate on the cycle performance 
of p_Sn/CuO NWs electrode, the voltage profiles were observed, as shown in Figure 
3.38. The f_Sn/CuO NWs electrode and the p_Sn/CuO NWs electrode showed a 
similar profile. The discharge capacity of p_Sn/CuO NWs electrode was 1201 
mAh/g, and the Coulombic efficiency was 78%, indicating large irreversible 
capacity at formation step. This is because of the enlarged surface area originated 
from pyramid-patterned substrate. After the formation step, the voltage profile and 
capacity had a similar trend.  
Figure 3.39 shows the specific capacity and Coulombic efficiency of f_Sn/CuO 
NWs electrode and p_Sn/CuO NWs electrode. The capacity retention of p_Sn/CuO 
NWs electrode at 1 C-rate for 200 cycles was 92%. The slope was well maintained 
up to 200th cycle. This was remarkable improvement compared the f_Sn/CuO NWs 
which showed 68% retention at 200th cycle. It was expected that the patterned 
substrate alleviated nanowire aggregation providing space. After 200th cycle, the 
surface morphology was observed as shown in Figure 3.40. Compared to the 
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f_Sn/CuO NWs electrode at 200th cycle, there were not cracks in top surface and 
nanowires were well maintained in concave regions. At the top region, though the 
nanowires were collapsed, severe degradation was not observed. 
In summary, the binder-free p_Sn/CuO NWs electrode by means of anodization 
and electrochemical deposition in the same manner with f_Sn/CuO NWs electrode. 
As the pyramid-patterned substrate alleviated nanowire aggregation providing space, 
the long-term stability of the electrode was improved. The p_Sn/CuO NWs electrode 
showed good cycle retention during 200 cycles with 92% retention at 1 C-rate. This 
work shows that the p_Sn/CuO NWs electrode has a potential as an anode for high 




Figure 3.38. Voltage profiles for f_Sn/CuO NWs and p_Sn/CuO NWs electrode at 
formation and 5th cycle (formation: 0.1 C-rate, cycling: 1 C-rate). 
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Figure 3.39. Specific capacity and Coulombic efficiency of f_Sn/CuO NWs and 
p_Sn/CuO NWs electrode at 0.1 C-rate for the formation cycle followed by 1 C-rate 
cycling to 200th cycle. 
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Figure 3.40. FE-SEM surface images of (a) p_Sn/CuO NWs electrode after 200th 
cycle and (b) magnification at slope region. 
１３０ 
CHAPTER IV. Conclusions 
In this study, micro-scale and nano-scale refinement of substrate were introduced 
with MEMS process and electrochemical methods for improving the drawback of 
nanoscale designs which are low energy density, self-aggregation, and limited 
electrical conductivity. 
A micro-scale patterned substrate was manufactured with Si substrate. The 
patterned substrate with sawtooth and pyramid shapes showed relaxation effect of 
stress induced during cycling. Especially, the pyramid patterns increased ~40% of 
surface area and the concave regions with low Li-ion flux and thin layer effectively 
enhanced maintenance of the Si active material. The patterns on the substrate 
improved the rate capability as well as cycleability of the Si film electrode. 
A nano-scale modification was also carried out to increase energy density and 
electrical conductivity. Conducting agent and binder free 1-D nanowires were 
synthesized on Cu foil by Cu anodization. The nanowires of Cu(OH)2 were 
converted to CuO with dehydration and Sn was electrodeposited onto the CuO 
nanowires surface. Because the deposition potential of Sn was similar with CuO 
reduction, selectively reduced Cu nodes between CuO nanowire and Sn layer can be 
obtained. The Cu nodes enhanced the electrical conductivity connecting CuO and Sn 
１３１ 
due to high conductivity. At 1 C-rate, the Sn/CuO nanowires electrode showed 89% 
of capacity retention up to 70th cycle. In addition, 56% of capacity retention could 
be obtained at 16 C-rate. The 1-D nanowire structure and reduced Cu nodes 
enhanced electrical conductivity resulting in outstanding cycle retention and good 
rate capability. 
However, the Sn/CuO nanowires electrode was not appropriate for long-term 
stability. At 100th cycle, abrupt decrease of capacity was observed and there were 
many cracks and aggregated nanowires from surface morphology analysis. This 
problem was ameliorated by using patterned substrate. The main factor of the 
problem was collapsed nanowire during cell assembly. So, the patterned substrate 
that can provide space for nanowires was applied. With the same experimental 
conditions, Sn/CuO nanowires electrode on patterned substrate was fabricated. The 
Sn/CuO nanowires electrode on patterned substrate showed good capacity retention 
up to 200th cycle with 92% of capacity retention which was better than Sn/CuO 
nanowires electrode on Cu foil. In the same manner, the surface morphology analysis 
was conducted with Sn/CuO nanowires electrode on patterned substrate after 200th 
cycle. There was no crack and the 1-D nanowire shape was well maintained. 
Therefore, combination with micro-scale modification of patterned substrate and 
１３２ 
nano-scale modification of 1-D nanowires remarkably enhanced energy density, 
electrical conductivity, and suppressed self-aggregation, so that outstanding cycle 
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친환경, 고에너지에 대한 수요가 증가함에 따라 리튬 이온 전지에 대
한 연구가 활발히 진행되고 있다. 현재 음극으로 사용되고 있는 흑연
(372 mAh/g)은 다른 음극 활물질에 비해 상대적으로 낮은 이론 용량을 
가지고 있어 용량을 향상시킬 수 있는 가능성이 크다. 이를 위해 높은 
이론 용량을 가지는 음극 합금 물질에 대한 여러 연구가 진행되어 왔지
만, 용량이 큰 만큼 부피 변화에 의한 전극의 퇴화 현상도 심하였다. 활
물질의 퇴화 현상을 줄이기 위해 나노 크기의 활물질을 이용하여 절대적
인 부피 변화를 줄이는 방법, 완충 물질과 함께 전극을 만들어 발생하는 
응력을 감소시키는 방법, 다공성 구조를 만들어 공간을 통해 스트레스를 
완화하는 방법 등 많은 연구가 진행되었다. 하지만 이러한 시도 역시 활
물질 사이의 접촉을 유지하기 위해 다량의 도전재와 바인더를 첨가해야 
해 에너지 밀도를 낮추고, 높은 표면 에너지에 의해 자기 응집이 일어나 
입자의 크기가 커지며, 입자 사이의 접촉 수가 많아 접촉 저항이 커져 
전기 전도도에 제한적인 단점이 있었다. 본 연구에서는 이러한 나노 크
기의 개선 방법의 문제점을 극복하기 위해 마이크로 크기와 나노 크기의 
개선 방법 조합해 전지의 성능을 향상시키고자 하였다.  
전극의 용량 향상을 위해 합금 물질 중 큰 이론 용량을 보이는 실리콘
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(4200 mAh/g)과 주석(994 mAh/g)을 이용하여 전극을 제작하였고, 전극의 
특성을 향상시키기 위해 구조적 개선을 진행하였다. 먼저 반도체 공정에
서 주로 사용되는 미세전자기계시스템 공정을 이용하여 기판에 마이크로 
크기의 톱니 모양과 피라미드 모양의 패턴을 만들고 그 위에 실리콘 활
물질을 물리 기상 증착법을 이용하여 필름 형태로 올림으로써 실리콘 활
물질의 퇴화를 완화시키고자 하였다. 톱니 모양 패턴과 피라미드 모양 
패턴은 전극 표면적을 각각 10%와 40% 증가시켜 전지의 충∙방전 시 발생
하는 응력을 완화시켰고, 피라미드 모양 패턴 기판을 이용해 제작한 전
극의 경우 50번째 사이클까지 약 500 mAh/g의 용량을 유지하였다. 뿐만 
아니라 기판에 형성된 패턴의 경우 충∙방전동안 기판 모양은 유지되므로 
패턴이 지속적으로 응력 완화에 도움을 줄 수 있는 장점이 있었다. 특히 
패턴의 오목한 부분에서 활물질의 퇴화 현상이 줄어들었는데, 그 결과 
피라미드 모양의 패턴 전극을 사용하여 20번째 사이클에서 실리콘 활물
질의 피복률을 약 65%까지 유지하였고 높은 충∙방전 속도에서 다른 패턴 
전극보다 높은 용량 유지율을 보였다. 
마이크로 크기의 구조 개선뿐만 아니라 나노 와이어 구조를 통한 나노 
크기의 구조 개선을 진행하였다. 나노 크기에서는 구조적으로 다루기 힘
든 실리콘 대신 음극 활물질로서 주석을 이용하여 실험을 진행하였다. 
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구리를 산화시키는 방법으로 구리 산화물 나노 와이어 구조를 형성하였
고, 전기 도금을 통해 주석/구리 산화물 형태의 나노 와이어 활물질을 
제작하였다. 주석뿐만 아니라 구리 산화물 역시 리튬 이온 전지에서 음
극 활물질로 사용될 수 있고 다른 도전재나 바인더의 사용 없이 주석이 
직접 구리 산화물과 접촉하고 있어 전극에서 에너지 밀도를 향상시킬 수 
있었다. 주석/구리 산화물 나노 와이어 전극은 70번째 사이클까지 약 
89%의 용량 유지율을 나타내었고, 속도 특성 결과에서도 16 C-rate에서 
56%의 용량 유지율을 확인할 수 있었다. 
하지만 장기 사이클에서 나노 와이어 구조 전극의 퇴화 현상이 관찰되
었다. 200번째 사이클까지 충∙방전을 진행할 경우 68%의 용량 유지율을 
보였고, 특히 약 100번째 사이클 부근에서 급격한 용량 퇴화가 관찰되었
다. 이는 주사전자현미경을 통해 전극 제작 시 압착하는 과정에서 나노 
와이어들이 압착되고 눌려져 충∙방전동안 나노 와이어의 구조가 허물어
지기 때문인 것을 확인하였다. 이러한 문제점을 개선하기 위해 앞서 만
들었던 마이크로 크기의 패턴 기판 위에 나노 와이어를 제작하였다. 표
면적 증가가 가장 컸던 피라미드 모양 패턴 기판을 사용하여 나노 와이
어 구조를 형성하였고, 전지의 충∙방전을 진행한 결과 200번째 사이클까
지 용량 유지율 92%를 유지하였고 100번째 사이클 부근에서 급격한 전극 
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퇴화도 보이지 않았다. 이로써, 마이크로 크기와 나노 크기의 조합된 구
조 개선을 통해 합금 음극 물질을 이용하여 높은 용량, 향상된 속도 특
성 및 장기 특성을 가지는 전극을 성공적으로 얻을 수 있었다. 
 
주요어: 리튬 이온 전지, 음극, 합금 물질, 실리콘, 주석, 기판 구조, 
나노 와이어 
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Appendix 
Preparation of black pigment with the Couette-Taylor 
vortex for electrophoretic displays 
 
1. Introduction 
Electrophoretic displays (EPDs) are a type of electric paper, which renders the 
images through the motion of charged pigments. EPDs have been intensively 
researched because of their advantages: high contrast, wide viewing angle, less eye 
fatigue, low power consumption, and excellent flexibility [1-13]. EPDs basically 
consist of two parallel electrodes, a dielectric fluid, and two charged pigments which 
are white and black. Two kinds of pigments have opposite surface charges, therefore, 
their corresponding motions under an electric field are exactly opposite. Two main 
properties of pigments that are important in rendering images in EPDs are zeta 
potential and density. The zeta potential affects the switching time of a display and 
the density matched with the dielectric fluid reduces power consumption. 
The switching time of an EPD is determined by the speed of the charged pigments 
under an electric field. The electrophoretic motions of pigments are strongly related 
to the size and zeta potential of the pigments, the viscosity of the dielectric fluid, and 
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the magnitude of the electric field [14]. Among these variables, the zeta potential of 
the pigments is critical in the performance of the EPD. Because the speed under an 
electric field is a function of the magnitude of the electric field and the zeta potential 
of charged pigments, a higher zeta potential induces a more rapid movement of the 
charged pigments [15]. Generally, the zeta potential of a pigment is manipulated by 
the addition of a charge control agent (CCA), which adsorbs onto the surface of the 
pigment [16]. The absorption of CCA over carbon black is mediated with a polymer 
interlayer, thus, a uniform polymer coating on carbon black is important to get the 
proper zeta potential with small deviation.  
The bistability, which determines the stability of an image during the power-off 
period, could be achieved by controlling the density of the pigments making them 
identical with that of the dielectric fluid [4]. Because motions caused by gravity do 
not take place, the images previously rendered by the electric field are maintained 
when the electric field is turned off. Therefore, additional power is not required to 
maintain images displayed on an EPD. 
In controlling the density of carbon black, which is usually heavier than the 
dielectric fluid, a polymer coating is usually applied to lower the density of the 
carbon black. To keep the pigment size uniform, a uniform polymer coating over 
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carbon black is also important in controlling the density. Generally, polymerization 
on carbon black is carried out through two consecutive steps: first the attachment of 
a polymerizable functional group on the surface followed by polymerization. Radical 
polymerization in the second step has been widely adopted because it is easily carried 
out and controls the thickness of the coated polymer which determines the density 
of the pigments [17-19]. In many previous studies, polymerization has been 
performed in a batch reactor with strong agitation [20,21]. However, in grafting 
polymerization performed by a batch reactor, relatively large sizes, wide densities or 
size distributions, and low productivity are inevitable. Therefore, the size and density 
distributions should be reduced through a uniform polymer coating to obtain better 
pigments for EPDs. 
To coat the carbon black uniformly with a polymer for an improved zeta potential 
and a uniform density and size, a Couette-Taylor vortex reactor (CTVR) was used 
for the polymerization of the pigments’ surfaces in this study. A CTVR is a type of 
reactor that basically consists of two cylinders shown in Figure 1. During the process, 
the inner cylinder is rotated while the outer cylinder is kept stationary, and it 
develops the Couette-Taylor vortex between two cylinders. The formation of the 
Couette-Taylor vortex can be predicted by Taylor number, Ta = Ω(ro-ri)2/√2ν, where 
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Ω is the angular velocity of the inner cylinder, ro and ri are the radius of the outer and 
inner cylinders, and ν is the kinematic viscosity of solution. A Couette-Taylor vortex 
can be obtained with a Taylor number over 41.19 [22-24]. Because the kinematic 
viscosity and radii of cylinders are fixed, the rotating speed of the inner cylinder 
determines the generation of vortex. The axial flow rate, which is the feeding rate of 
the reactants through the inlet, should be additionally considered to understand the 
characteristics of the CTVR. Compared to a batch reactor, the Couette-Taylor vortex 
can intensify the agitation and induce uniform fluidic motion, implying that the mass 
transfer of the reactant is uniform and enhanced [25-27]. In addition, a high wall 
shear stress can be obtained, which is expected to improve the dispersion of particles 
in the solution [28-30]. The agitation and shear stress usually increase with a higher 
Taylor number in a Couette-Taylor vortex system [31]. Based on these characteristics 
of the Couette-Taylor vortex, it was expected that the CTVR could reduce the size 
and density distributions of the polymer-coated pigments. Furthermore, it also 
improves the productivity because continuous production is possible with the CTVR. 
In this study, we investigated the properties of black pigments synthesized in a 
batch reactor, batch CTVR, and continuous CTVR. The changes in the size, density, 
and distribution according to CTVR process variables were clarified. In continuous 
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CTVR, the influence of the axial flow rate was additionally clarified. Finally, we 
used the three black pigments obtained from each process in EPDs with white TiO2 




Figure 1. The schematic diagram of the Couette-Taylor vortex reactor (CTVR). ri, ro, 
and Ω are the radius of the inner and outer cylinders, and angular velocity of the 












The polymerization step used in this study is shown in Figure 2. The initial 
attachment of a polymerizable functional group (step 1) was performed in a batch 
reactor, followed by polymerization (step 2) which was done in three different 
reactors: a batch reactor, batch CTVR, and continuous CTVR.  
18.7 g of carbon black (Degussa, printex L6) was dispersed in 400 ml of de-ionized 
water. To attach 4-vinylaniline onto the surface of the carbon black (step 1), 0.8 ml 
of hydrochloric acid (HCl, SAMCHUN, 37%) and 0.4 g of 4-vinylaniline (Sigma 
Aldrich, 97%) were added. After heating the solution up to 40°C, 1.3 ml of aqueous 
solution containing 2.52 M of sodium nitrite (NaNO2, Sigma Aldrich) was slowly 
added for 10 minutes followed by stirring for 16 hours [32]. The amine group in 4-
vinylaniline reacts with sodium nitrite under acidic condition, forming diazonium 
ion. 4-vinylaniline attaches to the surface of carbon black through the reaction 
between diazonium ion and the nucleophilic group on the surface of carbon black. 
The double bond in attached 4-vinylaniline is an initiation site for further 
polymerization in step 2. After that, the solution was centrifuged at 8,000 rpm for 20 
minutes with acetone (SAMCHUN, 99.5%) to collect the pretreated carbon black 
and eliminate unreacted reagents. This step was repeated two times, and the collected 
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carbon black was dried for 12 hours at 40°C under vacuum condition.  
Regardless of the type of reactor, the polymerization (step 2) was performed with 
toluene (DAEJUNG, 99.5%) solution containing the pretreated carbon black, 2-
ethylhexyl acrylate (EHA, Sigma Aldrich, 98%), and azobisisobutyronitrile (AIBN, 
SAMCHUN, 98%). The concentrations of carbon black, EHA, and AIBN were 100 
g/l, 2.88 M, and 0.032 M, respectively. The temperature of solution was maintained 
at 70°C with a thermostat. After the polymerization reaction was completed, 
tetrahydrofuran (THF, DAEJUNG, 99%) was added, and the mixture was 
centrifuged at 10,000 rpm for 20 minutes. The collected black pigments were rinsed 
with acetone. The centrifuging and rinsing steps were repeated twice.  
The total volume of solution for step 2 was 144 ml for the batch reactor and the 
batch CTVR. Agitation was applied by an overhead stirrer with a rotating speed of 
300 rpm for the batch reactor. As mentioned above, agitation of CTVR was achieved 
by rotating the inner cylinder, and the rotating speeds were 30, 60, 90, and 300 rpm 
and the corresponding Taylor numbers were 304, 608, 911, and 3036, respectively. 
Both reactors had a fixed reaction time of 1 hr for step 2. 
In the case of the continuous CTVR, the axial flow rates were 1.8, 2.4, and 3.6 
ml/min with a fixed rotating speed of 300 rpm. The residence time in the reactor was 
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determined by the axial flow rate. Initially, the CTVR was filled with solution for 
step 2, and the products were collected according to the residence time. Because the 
total volume of the CTVR was 144 ml, the residence times were 80, 60, and 40 min 
for 1.8, 2.4, and 3.6 ml/min of the axial flow rate, respectively. When the collection 
time is below the residence time, the reaction time was identical to the collection 
time. In contrast, the reaction time was identical to the residence time when the 
collection time is over the residence time.   
The density, size distribution, zeta potential and functional group of the pigment 
surface after polymerization, were investigated to characterize the synthesized black 
pigments. The average density of the black pigments was inspected by a gas 
pycnometer (AccuPyc II 1340, Micromeritics), and the surface functional group was 
investigated with a FT-IR spectrophotometer (Nicolet 6700, Thermo Scientific). The 
size and distribution, and the zeta potential were measured by a zeta-potential & 
particle size analyzer (ELS-Z, OTSUKA). 
Finally, the synthesized black pigments were used in EPDs. The white pigment was 
a polymer-coated TiO2, which was fabricated following the procedures reported by 
our group [9]. The slurry solution for the EPD consisted of 6 mg/ml of synthesized 
black pigment, and 120 mg/ml of white pigment with 0.25 wt% of Span 80 (Sigma 
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Aldrich) in tetrachloroethylene (TCE, Sigma Aldrich, 99%). 20 μl of slurry solution 
was placed between two ITO electrodes, and the gap between two electrodes was 
fixed to 60 μm. The color changes were investigated by applying electric field using 
a power supply (PWS-3005D, JEILMI), and the response times of the electrophoretic 









3. Results and Discussion 
To investigate the influences of strong agitation and uniform fluidic motion driven 
by the CTVR, the properties of black pigment such as the density, size, and size 
distribution after polymerization (step 2) were compared. Figure 3 exhibits the size 
distribution and density of the black pigments synthesized by the batch reactor and 
batch CTVR, highlighting that the size and density decreased with the CTVR. The 
densities and average sizes were 1.81 g/cm3 and 422 ± 43 nm for batch reactor and 
1.63 g/cm3 and 293 ± 21 nm for the batch CTVR. An enhanced dispersion led to the 
decrease in the size of carbon black by inhibiting agglomeration. This was supported 
by the size distribution of the polymerized carbon black shown in Figure 3 (a). 
The polymerization reaction in step 2 takes place in solution, thus, the 
polymerization could happen following two pathways, i.e. homogeneous 
polymerization, or polymerization on the surface of the carbon black covered by a 
polymerizable functional group. The selectivity of this polymerization step is 
determined by the ratio between the total surface area of the carbon black for 
polymerization and the concentration of EHA. That is, when the active area was 
increased due to the improved dispersion, polymerization occurred selectively on the 
surface. In contrast, homogeneous polymerization was dominant in the agglomerated 
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carbon blacks. Therefore, the decrease in the density with the CTVR observed in 
Figure 3 (b) was originated from the improvement of carbon black dispersion by 
uniform fluidic motion. 
Figure 4 displays the size distribution and density of the black pigments with 
varying angular velocities of the inner cylinder, and the corresponding Taylor 
number (at the upper y-axis in Figure 4 (b)). The acceleration of the inner cylinder, 
corresponding to a higher value of the Taylor number, signified the rapid motion of 
the vortex without a change in the size of the vortex [33]. Figure 4 (a) indicates that 
a higher angular velocity reduced the size of the black pigments by improving the 
dispersion of the carbon black. The average sizes were 402 ± 58, 362 ± 25, 327 ± 24, 
and 293 ± 21 nm for angular velocities of 30, 60, 90, and 300 rpm, respectively. The 
variation in density according to angular velocity, exhibited in Figure 4 (b), could 
also be explained by the enhanced dispersion as interpreted in the previous paragraph. 
The increase in the Taylor number signified a more intense fluidic motion, leading 
to a larger active area for polymerization from the enhanced dispersion of carbon 
black. It induced the high selectivity of polymerization on the surface of carbon black 
with diminishing the heterogeneous polymerization, which finally resulted in a 
reduction in the density. The black pigments synthesized with an angular velocity of 
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300 rpm were used for further experiments. 
Continuous CTVR is an effective way to supplement the low productivity of the 
batch system, therefore, the effects of continuous CTVR during the polymerization 
step on carbon black were clarified. As mentioned above, the axial flow rate, i.e. the 
feeding rate, determined the residence time as well as the productivity of continuous 
CTVR. Prior to the reaction, the reactor was filled with a solution, which was 
identical to the feeding solution, and then, the experiments were performed with 
axial flow rate of 3.6, 2.4, and 1.8 ml/min. 20 ml of the product solution was sampled 
at designated collection times to measure the properties of the black pigments.  
The changes in the size and density of the black pigments according to the axial 
flow rate and the collection time are shown in Figure 5. The size distribution of the 
carbon black collected over the residence time is shown in Figure 5 (a). It was clearly 
observed that the size of the black pigment was reduced with a low axial flow rate, 
and the average particle sizes were 510 ± 53, 402 ± 33, and 381 ± 30 nm for 3.6, 2.4, 
and 1.8 ml/min of axial flow rate, respectively.  
In Figure 5 (b), the changes in the density of black pigments are shown, indicating 
that the density was varied according to the axial flow rate and collection time. 
Regardless of the axial flow rate, the density was initially decreased as the collection 
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time increased. This was due to an insufficient reaction time for the polymerization 
when the collection time was below the residence time. After the residence time, the 
densities of the black pigments were converged at 1.70, 1.64, and 1.62 g/cm3 with 
axial flow rate of 3.6, 2.4, and 1.8 ml/min, respectively. It is obvious that the 
saturation density is reduced with low axial flow rate. In addition, it is important to 
notice that the density is converged before the residence time is reached. This 
signifies the completion of polymerization before the residence time. Considering 
this along with the changes in the saturation density and sizes shown in Figure 5, it 
is reasonable to suggest that the axial flow rate also affects the dispersion of carbon 
black and polymerization. If there is no effect from the axial flow rate, the density 
should be saturated exactly at the residence time, and the density and size should be 
similar to those from the batch CTVR. Based on these results, it can be concluded 
that the axial flow had a negative effect on the dispersion of carbon black. It was 
possible that the axial flow rate distorted Couette-Taylor vortex, and it led to the 
increment of pigment’s density and size. Although the density and size from the 
continuous CTVR were higher than those of the batch CTVR, it was obvious that 
those were relatively small compared to the results of the batch reactor. Therefore, it 
is important to note that black pigments with better properties could be synthesized 
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at a high productivity with continuous CTVR compared to the conventional batch 
reactor. 
Prior to using the black pigments in EPDs, the surface chemistry was investigated 
by FT-IR because the modification of fluidic motion had a potential to change the 
reaction path of the polymerization. The FT-IR spectra of EHA monomer and carbon 
blacks before and after polymerization are exhibited in Figure 6. In the case of the 
EHA monomer, peaks corresponding to the ester group and hydrocarbons were 
confirmed near 1730-1750 cm-1 and 2800-2900 cm-1. After the polymerization, the 
peaks related to the ester group and hydrocarbon appeared regardless of the reactors. 
This implies that the reaction path was not altered by the change in the fluidic motion, 
and the surface chemistry of the synthesized carbon black was identical. It was 
ascertained that the variation in fluidic motion only affects the size of the synthesized 
black pigments under the conditions we investigated. 
In addition to the surface chemistry, the bistability of the synthesized black 
pigments was investigated, and the results are shown in Figure 7. A solution 
consisting of TCE and CCA was used to assess the dispersion. The density of TCE 
was 1.62 g/cm3, and those of the black pigments were 1.81, 1.63, and 1.62 g/cm3 
obtained from the batch reactor, batch CTVR (300 rpm), and continuous CTVR (1.8 
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ml/min, 300 rpm), respectively. The images, taken one day after the sonication, 
indicate that all of polymer-coated black pigments were well-dispersed in the 
solution while the carbon black with a density of 2.1 g/cm3 sank to the bottom. The 
results prove that the carbon black prepared with CTVR has acceptable bistability 
when its density is properly controlled to that of the dielectric fluid. 
Finally, the movement of the black pigments under an electrical field was observed 
with the addition of a white TiO2 pigment. The zeta potentials of three black 
pigments were 3.68 ± 12.61 mV (batch CTVR), -2.18 ± 13.87 mV (continuous 
CTVR), and -21.89 ± 15.32 mV (batch reactor), and that of polymer-coated TiO2 
was -68.87 ± 14.12 mV. The representative images according to the direction of the 
electric field are shown in Figure 8. White and black colors were successfully 
achieved in this system. To compare the movement speed of three black pigments, 
the switching times were measured and it was confirmed that the response times 
were in the order of batch CTVR (1.21 s) < continuous CTVR (1.26 s) < batch reactor 
(1.42 s), which was identical to the expectation from the size, uniformity of the 
polymerization and the zeta potential. The adsorption of charge control agent and 
following zeta potential variation were also affected by the size and uniformity of 
polymer-coated carbon black. The combination of black and white having the largest 
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difference in zeta potential demonstrated the fastest response time among three 




Figure 3. (a) The size distribution and (b) density of polymer-coated carbon black 
from the batch reactor and batch CTVR. The angular velocity of the inner cylinder 
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Figure 4. The changes in (a) the size distribution and (b) density of the polymer-
coated carbon black obtained by batch CTVR according to the angular velocity. The 
reaction time was 1 hr.   
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Figure 5. The changes in (a) the size distribution and (b) density of the polymer-
coated carbon black fabricated by continuous CTVR according to the collection time 
and axial flow rate. The collection times for black pigments in (a) were 40, 60, and 
80 min for axial flow rates of 3.6, 2.4, and 1.8 ml/min, respectively. The vertical dash 

















































lines in (b) indicate the residence times, and the horizontal dash-dot lines point out 




Figure 6. FT-IR spectra of the bare and polymer-coated carbon black; the 
polymerizations were performed in a batch reactor and CTVR. The polymerizations 
in CTVR were performed under batch and continuous conditions. The angular 
velocity of the inner cylinder for CTVR was fixed to 300 rpm. The axial flow rate of 
the continuous CTVR was 1.8 ml/min, and the collection time was 80 min. 
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Figure 7. The dispersion of (a) bare carbon black, and polymer-coated carbon black 
from (b) the batch reactor, (c) batch CTVR, and (d) continuous CTVR. The black 
pigments were dispersed in TCE containing 0.25 wt% of Span 80. The black 




Figure 8. (a) Schematic diagram of the dual particle system and the electrophoretic 
images (b) without and with electric fields; (c) upper: (+), lower: (-) and (d) upper: 
(-), lower: (+). The black pigments were synthesized by means of continuous CTVR, 
and the white pigments were polymer-coated TiO2 particles. The applied voltage and 




  In this research, the Couette-Taylor vortex was applied to the polymerization of 
black pigment for use in EPDs. The influences of variables such as the angular 
velocity and axial flow rate of CTVR on the size and density of black pigments were 
clarified. It was confirmed that the high angular velocity of the inner cylinder 
reduced the size and density, originated from the improved dispersion of the carbon 
black. The axial flow rate caused a slight increase in the size and density, however, 
those were still better compared to that obtained from the batch reactor. The 
reduction of size and density resulted in the amelioration of the black pigment’s 
movement under an electric field with excellent bistability. Furthermore, the usage 
of continuous CTVR increased the productivity and improved the properties of the 
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